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Modern and intensive agriculture has benefited from artificial drainage systems and 
fertilizer or animal waste application and these same practices which increase production lead to 
degraded water quality which negatively impacts aquatic ecosystems.  Excess nutrients such as 
nitrogen (N) and phosphorus (P) not taken up by the plant are transported via subsurface tile 
drains to local waterways.  Elevated concentrations in lakes and coastal waters can lead to 
eutrophication, toxic algae blooms, and hypoxia.  In the Midwest, relatively greater 
concentrations of nitrate-N (NO3--N) from point and nonpoint sources are consistently found in 
streams   
Denitrifying bioreactors are an edge-of-field best management practice that reduce nitrate 
in runoff and subsurface drainage waters with minimum surface foot print and management 
requirements. Although denitrifying bioreactors have been shown to be an effective means to 
nitrate reduction however, limited data are available quantifying the impacts of many 
environmental factors such as hydraulic retention time, bioreactor saturation, and effects on 
phosphorus.   
 The objectives of this study included evaluating a 173 m3 woodchip bioreactor for nitrate 
reduction and removal rates, the effects on phosphorus, and the impacts of the bioreactor’s 
physical characteristics on effective nitrate reduction.  During periods of flow, weekly water 
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samples were collected for lab analysis of nitrate+nitrite (nitrate-N), total nitrogen (TN), soluble 
reactive phosphorus (SRP), and total phosphorus (TP) and measurements were made of water 
temperature, dissolved oxygen, pH, oxidation reduction potential, temperature, water levels, and 
flow.  
Nitrate-N concentrations were reduced on average by 94% in 17 observed drainage 
events- influent nitrate-N concentrations averaged 9.4 mg/L and effluent averaged 0.58 mg/L.  
SRP concentrations increased as water moved through the bioreactor.  Influent SRP 
concentrations averaged 0.02 mg/L (0- 0.16 mg/L) and effluent concentrations averaged 1.29 
mg/L (0.03- 5.52 mg/L).  Physical characteristic data of the bioreactor displayed conditions 
conducive for denitrification to occur, however no quantitative relationships were found between 
physical characteristics of the bioreactor and its effective nitrate reduction.   
The results from this woodchip bioreactor demonstrate this edge-of-field practice as an 





CHAPTER 1. INTRODUCTION 
 
 
1.1 Modern agriculture’s impact on water quality 
Historical and continued trends in intensive agricultural practices throughout the Midwest 
threaten the quality of its rivers and streams.  Increases in application of fertilizer and animal 
waste to cultivated fields with expanding subsurface drainage systems have led to nonpoint 
source pollution, elevating concentrations of nutrients and pesticides in waterways (Scavia & 
Briker, 2006).  Patterned subsurface drainage systems made of perforated pipes (also known as 
tile drains) often lie 0.6 to 1.2 m below the ground surface.  Drainage systems benefit the 
landowner by allowing him/her to control the cropland’s water table and drain excess water away 
from the field to a local discharge point.  This can extend the growing season therefore increasing 
the production of food, fuel, and fiber.  The number of acres drained has only increased as 
farmers and agency representatives experience these benefits of drainage systems (Blann et al., 
2009).    In 2007 the World Resource Institute reported that for eight Midwestern states, the total 
cropland drained by subsurface systems ranged state-to-state between 0.24 and 4.7 million 
hectare (Sugg, 2007).  In Indiana, 2.3 million hectare (42.2%) of total cropland is estimated to 
have subsurface drainage networks (Sugg, 2007).   
 Despite the advantages, subsurface drainage of agricultural land increases conveyance of 
higher concentrations of nutrients to local waterways before nature buffers can reduce them 




by the plant) are drained along with excess water and nitrate concentrations above the EPA’s 
maximum contaminant level of 10 mg N/L are consistently found in Midwestern streams (Jaynes, 
et al., 2001).   Nitrate-N loss from agricultural fields can range from 25 to 40 kg ha-1 depending 
on the soil type and N fertilizer rate (Jacobs & Gilliam, 1985; Jaynes, et al., 2001).  For example, 
mass nitrate loss through subsurface drains increased with N fertilizer rate from 29 kg N ha-1 lost 
following the low application rate (57- 67 kg ha-1) to 48 kg N ha-1 lost following the high 
application rate (172 – 202 kg ha-1) (Jaynes et al., 2001).  Alterations to the natural landscape 
including urban developments, deforestation, and agricultural production further reduce the 
chance for nutrients to be captured by natural buffers.  In the Midwest, corn and soybeans are the 
high-value crops and have benefited from subsurface drainage; however they are associated with 
higher nitrate losses (Blann, 2009).   
 
1.2 Eutrophication triggered by nutrient pollution 
Eutrophication of an aquatic ecosystem occurs when there is an increased rate of supply 
of organic matter (nutrients), causing excess primary production (e.g. phytoplankton growth) in 
surface waters (Wieben, et al., 2012; WHOI, 2012).  Primary production in water bodies is 
facilitated by the presence of nutrients such as nitrogen (N) and phosphorus (P), an important 
process to organic growth. In natural soils and waters, there is often a limiting nutrient, i.e. a 
nutrient such as N and P that is not abundant enough to facilitate organic growth (Rabalais, et al. 
2009).  Anthropogenic practices such as fertilizer and animal waste application to soils can make 
that limiting nutrient abundant- introducing excess nutrients into the natural cycle.  When an 
aquatic system is inundated with increased primary production (e.g. preyed phytoplankton 




negative effects of eutrophication include: (1) decreased light availability, algal dominance, and 
an excessive production of organic matter that threatens marine life; (2) decreased recreation and 
tourism; (3) growth of toxic algae which can lead to harmful algae blooms; and (4) anoxic 
conditions that can cause biogeochemical reactions such as the reduction of sulfate to sulfide 
which releases toxic hydrogen sulfide gas (Scavia & Bricker, 2006). Decomposition of algae 
consumes available oxygen and stratification between saline and fresh waters prevent the mixing 
of oxygen-rich with oxygen-depleted water, creating a hypoxic zone with little or no dissolved 
oxygen present.  Since first being noted in the 1970s, hypoxic areas (also called dead zones) have 
increased in duration, size, and frequency (CAST, 1999).  71% of the total N entering the Gulf of 
Mexico are from Midwest agricultural sources such as corn and soybean croplands and is a 
leading cause for the second largest hypoxic zone found in the Gulf of Mexico (Blann et al., 
2009).    
The 2001 Action Plan (later revised and expanded in 2008) assembled by the Mississippi 
River Gulf of Mexico Watershed Nutrient Task Force set a national framework for understanding 
and reducing the Gulf of Mexico hypoxic zone.  Under the premise that eutrophication can be 
controlled by restricting the loading of primary nutrients to waterways, a series of action items 
aim to reduce the hypoxic zone by 5000 km2 and N and P loadings from the Mississippi and 
Atchafalaya Rivers to the Gulf of Mexico by 45% by 2015 (Task Force, 2008).  The first action 
item from the 2008 revision called for “comprehensive nitrogen and phosphorus reduction 
strategies encompassing watersheds with significant contributions of nitrogen and phosphorus to 
the surface waters of the Mississippi and Atchafalaya River Basin, and ultimately to the Gulf of 





1.3 Best management practices for nitrate reduction 
Robertson et al. (2014) describes a new movement in modern agriculture, “farming for 
services”- an approach that provides fuel, food, and fiber while also improving other ecological 
factors such as water quality and quantity, conservation of natural aesthetics and cultural ties to a 
landscape, biodiversity, recreational appeal, and climate stabilization.  This framework has 
motivated research, policy making, and public action to find solutions to the current agricultural 
and environmental challenges. 
Materializing in the late 20th century, the term best management practice (BMP) 
describes any method which controls point and/or non-point source water pollution.  These can be 
evaluated based on how much they reduce the presence of a nutrient contaminant and how the 
practice affects the mass distribution between sediment and water (Logan, 1993).    Strategies for 
intensive agriculture that include subsurface drainage systems, fertilizer and animal waste 
application, and irrigation have proven to have an adverse effect on downstream water quality 
despite their positive effects on crop production, field drainage, and soil storage capacity (Logan, 
1993; Christianson & Helmers, 2011).  Given unpredictable and changing weather patterns in 
addition to growing demands for agricultural production, simply reducing the presence of field 
drainage systems, fertilizer application rate, and irrigation may not be a lucrative option.    
Best management practices used in nitrate removal include (1) on-field improvements 
such as cover crops, crop rotations that include perennials, improved fertilizer and irrigation 
strategies; (2) drainage management; and (3) edge-of-field or in-stream nitrogen sinks such as 
constructed wetlands and carbon bioreactors (Christianson & Helmers, 2011).  
Denitrifying bioreactors are an edge-of-field best management practice to reduce nitrate 




of denitrification requiring available carbon, nitrate-rich water, and an anaerobic environment.  In 
this anaerobic environment heterotrophic bacterial organisms reduce nitrogen from oxidized ionic 
compounds (i.e. nitrate or NO3-) gaining the required energy via the electrons donated from the 
available carbon until the compound is completely reduced to nitrogen gas (N2) (Knowles, 1982).   
The different physical forms of denitrifying bioreactors include denitrification walls, 
upflow bioreactors, in-stream bioreactors, denitrification layers and denitrification beds and have 
been field tested by researchers all over the world (Schipper et al., 2010).  The type of 
denitrification bioreactor can depend on site characteristics, cost requirements, materials 
available, drainage area, and size of the tile drains.  Parameters including carbon media, 
subsurface temperature, and influent nitrate concentrations and their effect on nitrate reduction 
have been relatively well-published.   
The gaps of knowledge include parameters not consistently measured among all the 
individual studies that may affect nitrate reduction as well as the potential adverse effects from 
bioreactors.  Little long-term or consistent data exists that can properly quantify the effects of 
additional parameters including hydraulic retention time, percent of bioreactor saturation, and 
effects on phosphorus.  Christianson et al. (2012a) evaluated four in-field woodchip bioreactors to 
quantify the effects of hydraulic retention time, length-to-width ratio, cross-sectional shape, 
temperature, flow rate, age, and influent nitrate concentrations in order to elucidate performance 
based on these factors.  The study concluded that any clear set of quantifications was most likely 
complicated by the significance and complicated interactions of the various environmental 
factors.  Though shown to significantly reduce nitrate loads in subsurface drainage, the challenges 






1.4 Purpose of study 
Evaluating the factors which influence bioreactors can lead to better design, management, 
and their overall effectiveness.  The great potential for denitrifying bioreactors as a BMP for 
improving water quality is hindered by the lack of long-term data and uniform conclusions. An 
understanding of the biochemical processes and theories, lab experiments, and field studies all 
contribute to a growing archive of knowledge that can help explain and possibly enhance the 
relationships between nitrate, bacteria, and carbon.  
 The overall goal of this study was to evaluate a single pass woodchip bioreactor in 
Tippecanoe County, IN for its effectiveness to reduce N contaminants in subsurface drainage 
water.  Specific objectives included: (1) determine the amount and rate of nitrate removed by the 
woodchip bioreactor; (2) evaluate the effect on phosphorus; and (3) quantify the impact of the 
bioreactor’s physical characteristics on its potential to reduce nutrients. The project addressed 
objectives in the Mississippi River Basin Healthy Watersheds Initiative by reducing nutrient 
loading and enhancing other ecosystem services while maintaining agricultural productivity in 
Indiana.  Using one of the first bioreactors to be built in Indiana, this study identifies and relates 
environmental parameters to nitrate reduction, explores the effects on phosphorus, and quantifies 
its effectiveness as a BMP.  A regular monitoring and sampling schedule was established to 








2.1 The nitrogen cycle: a fine balance 
The nitrogen cycle is essential to all living organisms.  As technology and industry 
continue to revolutionize global production and distribution of goods and services, this natural 
cycle is clearly influenced by those anthropogenic activities.  The molecular processes that 
compose the nitrogen cycle, however essential or complex, may be unable to mitigate abnormal 
fluxes on their own.  All the nitrogen in the earth’s atmosphere, land, and water establish a global 
nitrogen budget with checks and balances (Brezonik & Arnold, 2011).  Any imbalance to this 
system threatens the species whom depend on it. 
Chemical species of nitrogen transform between the organic and the inorganic through 
molecular processes mediated by forces in our biosphere (Brezonik & Arnold, 2011).  A series of 
complex molecular transfers takes abundant and non-bioavailable nitrogen gas (i.e. 78% of the 
earth’s atmosphere) and makes it available to aquatic and terrestrial organisms on the earth’s 
surface (Brezonik & Arnold, 2011).  Nitrate is the most common bioavailable form of nitrogen 
and is critical to primary production and species diversity in aquatic and terrestrial ecosystems 
(Mueller & Spahr, 2005).  Anthropogenic activities affect these cycles, often leading to high 
concentrations of nitrate in ground and surface water (Rabalais et al., 2009).  
Nitrate is a highly soluble form of nitrogen and easily travels through soils to make its 
way down to the water table, accumulating in aquifers and waterways (Brezonik & Arnold, 
2011).  When nitrates applied to a landscape exceed the amount that can be incorporated by 
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plants or expended to the atmosphere by denitrification, concentrations in ground and 
surface waters can increase (Mueller & Spahr, 2005).  Seasonally high concentrations of nitrate in 
surface waters from late winter to early summer originate in areas of intensive agriculture, well-
drained soils (naturally or artificially), and high levels of rainfall and/or irrigation (Logan, 1993).  
In an agricultural watershed, the two main sources of nitrate contamination are fertilizer and 
animal waste (Mueller & Spahr, 2005; Wieben et al. 2012).  In the United States, the Midwest 
contributes the highest levels of nitrate to its waterways (Rabalais et al. 2009). 
 
2.2 Denitrifying bioreactors to reduce nitrate in subsurface drainage 
Artificial N sinks such as bioreactors are best management practices (BMP) for 
improving quality and have gained prominence in the last 25 years.  They rely on natural 
processes to uptake excess nutrients before they enter waterways as point or nonpoint source 
pollution and can be advantageous to land owners as an edge-of-field system that is effective 
while requiring limited maintenance.   One of the pioneer denitrifying bioreactors appeared in 
Ontario in 1992 where researchers were treating septic system effluent with horizontal and 
vertical barriers comprised of sawdust (Robertson & Cherry, 1995).  Since then, denitrification 
walls, layers and beds have become an active area of research for their effectiveness at nitrate 
reduction (Schipper et al., 2010). 
Published studies have confirmed that woodchip bioreactors, also referred to as woodchip 
denitrification beds, remove nitrate from tile drainage (Bell, 2013; van Driel et al., 2006; Schipper 
et al., 2010; Christianson & Helmers, 2011; Robertson et al., 2000; Warneke et al., 2010).  
Typical nitrate concentrations for a healthy, biodiverse aquatic environment fall below 1 mg/L 
(EPA, 2012).  Concentrations higher than 10 mg/L can be toxic to warm-blooded animals and 
enables hypoxia, a condition where a body of water is deprived of the oxygen it needs for survival 
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(EPA, 2012).   Drainage waters from farm fields or septic systems, if untreated, typically carry 
nitrate concentrations between 10 and 35 mg/L (EPA, 2012; Schipper et al., 2010).  Complete 
denitrification will reduce these to between 0 and 5 ug N/L (Schipper et al., 2010).  Published 
results include average volumetric nitrate removal rates from 1.4 to 10 g N m-3/d and daily 
reductions range between 5 and 30 mg N/L/day, reducing nitrate loads to surface waters by 23 to 
98% (Schipper et al., 2010; van Driel et al., 2006; Robertson et al., 2000; Warneke et al., 2010; 
Christianson & Helmers, 2011).   
 
 2.3 Denitrification and reaction kinetics in bioreactors 
The chemical dynamics that drive denitrification in bioreactors has been actively 
researched, including if and when the reaction changes from first-order to zero-order kinetics.  
Nitrate reduction in bioreactors is primarily due to microbial heterotrophic denitrification 
(Warneke et al., 2011).  Classic theory suggests that at low influent nitrate concentrations the 
reaction follows first-order kinetics, while at high influent concentrations the reaction follows 
zero-order kinetics with other independent parameters influencing the reaction (Partheeban, et al., 
2014).  If a bioreactor intakes water with nitrate concentrations greater than 1 mg/L and outputs 
water with nitrate concentrations less than 0.05 mg/L it is assumed denitrification follows zero-
order kinetics (Robertson et al., 2005; van Driel et al., 2006; Warneke et al., 2010).  
Field and lab studies have shown varied results.  Robertson (2010) demonstrated zero-
order reduction in a study that tested different aged woodchips (0-7 years) and did not find any 
direct correlation between influent concentrations which ranged between 3.1 and 49 mg N/L and 
effective nitrate removal.  Christianson et al. (2012a) studied field bioreactors in Iowa with 
influent concentrations ranging between 1.23 and 15.18 mg NO3—N/L and found that influent 
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nitrate concentrations specifically influenced nitrate removal rates, concluding that an increase of 
1 mg N/L would increase the nitrate removal rate from 0.44 g N/m3/d to 1.25 g N/m3/d.  
 
2.4 Effect of hydraulic retention times on bioreactors 
 Christianson et al. (2012b) argued that one of the major design challenges for bioreactor 
is the variable flow rate over a drainage season.  Hydraulic retention time influenced by porosity 
of the carbon media, bioreactor size ratio, and total rainfall or tile drainage flow can greatly affect 
how much nitrate is removed (Christianson et al., 2012a).  A larger sized carbon media (such as 
woodchips) will have an increased porosity compared to  a smaller sized carbon media (such as 
sawdust)- and lower porosity is associated with a lower retention time especially during increased 
rainfall and flow quantity (Schipper et al., 2010, Ranaivoson et al., 2012).  Low hydraulic 
retention times may not be sufficient to reduce influent dissolved oxygen to a level suitable for 
denitrification (Christianson & Helmers, 2011).  A woodchip bioreactor in Minnesota was 
evaluated for the effect of retention time on flow rate and nitrate load reduction over two 
operating years.  Results from the study showed that at a 14.4 hour retention time, the bioreactor 
ahd a higher flow rate and half of the total nitrate load reduction compared to a 20 hour retention 
time (Ranaivoson et al., 2012).  Higher retention times have been correlated with increased nitrate 
removal, however if retention time exceeds the time required to reduce nitrate it can lead to 
sulfate reduction and the methylation of mercury (Christianson & Helmers, 2011; van Driel, et 
al., 2006; Ranaivoson et al., 2012) 
 
2.5 Effects of physical characteristics on bioreactors 
Heterotrophic facultative bacteria depend on a carbon source and anaerobic environment 
to convert nitrate to nitrogen gas.  The rate at which this occurs is highly variable and can depend 
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on available carbon, temperature, oxidation reduction potential, dissolved oxygen, pH, and 
hydraulic properties (Knowles, 1982; van Driel, 2006; Christianson et al., 2012a; Schipper et al., 
2010).  The majority of past and current studies as well as an understanding of the biochemical 
process demonstrate clear relationships between nitrate removal rate and these parameters.  
Nitrate removal rates and load reductions increase with increasing drainage water 
temperature regardless of hydraulic residence time (Bell, 2013; van Driel et al,. 2006; Schipper et 
al., 2010; Christianson, 2011).  In theory, higher temperatures equate to a higher bacterial growth 
rate (Partheeban et al., 2014).  Denitrification beds are considered operable (the proper 
environment for denitrification to occur) when bed temperatures are between 2 and 20 degrees C 
(Schipper et al., 2010).  When temperatures are below or above this range, nitrate removal rates 
can decline rapidly (Knowles, 1982).  A lateral flow bioreactor in Ontario demonstrated that 
when the water temperature was between 10 and 13 degrees C, volumetric nitrate removal rates 
ranged from 4 to 20 mg N/L/d versus a range of 2 to 7 mg N/L/d removed when water 
temperatures fell between 2 and 5 degrees C (van Driel et al., 2006).  Schipper and others at 
University Waikato in Hamilton, New Zealand have explored the relationship between 
temperature and denitrification rates.  In a 2007 study, they found that at temperatures between 10 
and 15 degrees C, removal rates in a woodchip bed fell between 5 and 7 g N/L/d.  This 
relationship does come with a cost as it has been shown that higher temperatures will degrade the 
woodchips at a faster rate (Schipper et al., 2010).  If the temperature of the bioreactor is too low, 
a longer hydraulic retention is required to ensure the complete reduction of nitrate; the alternative 
being incomplete denitrification which would release nitrogen oxide (N2O) (Christianson & 
Helmers, 2011). 
Oxidation reduction potential (ORP) indicates whether a system favors reduction (ORP is 
less than zero) or oxidation (ORP is greater than zero).  Denitrification is the oxidation of nitrate 
to nitrogen gas, a process requiring strong reducers (i.e. bacteria) so one would expect that a more 
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negative ORP indicates a greater nitrate removal rate.  A negative ORP may also indicate sulfate 
reduction, a precursor to the methylation of mercury and noted by a rotten-egg smell (van Driel et 
al., 2006).   
Dissolved oxygen (DO) concentrations, in addition to defining hypoxic and anaerobic 
conditions, can also indicate whether the bacteria are performing anaerobic respiration and 
therefore reducing nitrate (Partheeban et al., 2014).  An environment is considered anaerobic if 
the concentration of dissolved oxygen less than or equal to 1-2 mg/L (Rezaee, 2008). When levels 
are between 1 and 2 mg/L, bacteria consume oxygen found in the nitrous oxide (N20) and when 
above 2mg/L bacteria donate electrons to the oxygen molecule rather than N20 (Knowles, 1982).  
Seasonal changes in the Midwest can affect DO concentrations in bioreactors.  Christianson et al. 
(2012a) found lower dissolved oxygen levels in warmer months compared to colder months.  
Previous literature does not define a specific relationship between DO and nitrate removal which 
indicates that other factors (and the various combinations of those factors) have a greater 
influence. 
The pH of drainage water in a denitrification bed is important to water quality and also 
may indicate that alternative reactions (other than complete denitrification) are taking place.  The 
optimum range for complete denitrification is between 7.0 and 8.0 with low pH values resulting 
in an environment that inhibits the reduction of nitrous oxides to nitrogen gas (Knowles, 1982; 
Warneke et al., 2010).  During the first weeks and months of bioreactor operation, pH values have 
been found to be lower than 7.0, increasing over time (Christianson et al. 2012b). 
 
2.6 Longevity of bioreactors 
 The lifetime of an effective bioreactor will most likely depend on the longevity of its 
carbon source.  Factors which influence the amount of available carbon over time include carbon 
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type and saturation levels (Christianson et al., 2011; Ranaivoson et al., 2012).  Electrons gained 
from the organic carbon provide heterotrophic bacteria the energy to reduce nitrate to nitrogen 
gas (Knowles, 1982).   Woodchips are expected to degrade (i.e. lose carbon) during the first years 
of operation; however they can last up to 20 years with reduced yet still effective nitrate removal 
rate (Schipper et al., 2010).  A study by Robertson (2010) reported physical observations of 
degraded wood particles over time in a denitrifying barrier.  Cross-sections of large wood 
particles had darkened rings extending from the outside across several millimeters compared to 
its original lighter color.  Decomposition of carbon can be reduced when the matter is constantly 
saturated (Ranaivoson, 2012; Schipper et al., 2010).  One study reported woodchips that were 
below the water table year round retained 80% of their original C (Schipper et al., 2010).   
Robertson (2010) operated a woodchip bed over 7 years with a hydraulic retention time between 
3 and 7 hours and found little indication that removal rates were significantly decreased.  
Robertson (2010) compared the nitrate removal rates of fresh woodchips to woodchips that had 
been in a denitrifying bioreactor for 2 and 7 years.  The 7-year old woodchip sample had a 
removal rate that was 40-59% of the fresh woodchip sample.  However it was within 75% of the 
2-year old woodchips. 
 
2.7 Effects on phosphorus 
 When a method (such as a best management practice) is effective at reducing one 
pollutant yet increases the concentration of another, it is referred to as pollution swapping (Healy 
et al., 2011).  In the case of denitrifying bioreactors, which have been proven in both field and 
bench-scale studies to effectively reduce nitrate in tile waters, they have been found to increase 
soluble reactive phosphorus (SRP), dissolved organic carbon (DOC),  greenhouse gases, 
ammonia, methylmercury, and metals in some studies (Healy et al., 2011; Ranaivoson et al., 
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2012).  Findings show the highest concentrations of SRP and DOC during the first months after 
construction when the bioreactor experiences “organic flushing” (Schipper et al., 2010; Healy et 
al., 2011; Bell, 2013).  Physical observations and chemical analysis from field and bench-scale 
bioreactors show an initial increase in concentrations of SRP and DOC that would impact water 
quality, however they soon drop to near background concentrations.  In wood-based bioreactors, 
it is common to observe dark orange/brown water exiting the bioreactor during the first few flow 
events, returning to its original color shortly after (Schipper et al., 2010).  Physical characteristics 
that have been attributed to pollution swapping include (1) type of carbon media; (2) hydraulic 
residence time; (3) temperature; (4) level of dissolved oxygen; and (5) water pH (Schipper et al. 
2010; Healy et al., 2011; Bell, 2013; Goodwin, 2012). 
Bell (2013) found exponentially higher effluent SRP concentrations than influent in three 
newly constructed field woodchip bioreactors but after the first three flushes, and during the first 
month of operation, effluent SRP concentrations stabilized and dropped to near background 
levels.   The study concluded that such an increase of SRP during the flushing stage would 
indicate other biological forces at work and was likely due to the original suspended phosphorus 
in the woodchips (Bell, 2013).   
It is possible that the type of carbon source influences the appearance or extent of 
pollution swapping.  Healy et al. (2011) constructed four bench-scale bioreactors each made up of 
a different carbon source: lodgepole pine woodchips, cardboard, lodgepole pine needles, and 
barley straw.  Attributing the effect to long residence times, they observed leaching of DOC, 
ammonium, and SRP.  SRP concentrations were highest during the organic flushing period 
regardless of carbon media type; decreasing as the bioreactor developed into a steady-state 
system, but remaining above environmental thresholds (Healy et al., 2011).  The maximum SRP 
concentrations occurred in the effluent from the lodgepole pine woodchip bioreactor at 1.1 mg 
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P/L (Healy et al., 2011).  Goodwin (2012) also reported higher releases SRP correlated with 
longer retention times.   
In contrast, other studies have shown bioreactors effective at reducing phosphorus from 
tile drainage waters.  A bioreactor model study in Rice County, Minnesota by Ranaivoson, et al. 
(2012) tested four herbicides (including alachlor and acetochlor) against nine types of wood 
(including oak, walnut, and maple) in a field bioreactor to determine herbicide adsorption to 
lignin.  Based on a managed drainage plot area of 6.6 acres over a three week trial, this study 
found an overall nitrate load reduction of 47%, and an average total phosphorus load reduction of 
79% (the majority in the form of SRP) (Ranaivoson et al. 2012).  Lassiter & Easton (2013) 
showed similar results in another agricultural bioreactor designed to treat groundwater and 
surface runoff with two denitrification walls, one comprised of woodchips and the other 
comprised of woodchips and biochar (an after product from the burning of organic material).  
Results from January through May 2012 showed reductions in SRP concentrations by 75% or 
more in both beds; reducing influent concentrations between 0.34 and 1.68 mg P/L to between 
0.09 and 0.97 mg P/L.  The biochar-woodchip bed reduced SRP concentrations down to levels 
between 0.09 and 0.13 mg P/L compared to the woodchip bed which reduced concentration to 
levels between 0.23 and 0.97 mg P/ (Lassiter & Easton, 2013).   
While the effects of denitrifying bioreactors on phosphorus are inconsistent, some have 
begun to experiment with SRP remediation techniques that could be incorporated into an existing 
bioreactor design.  Goodwin (2012) at the University of Illinois evaluated materials that could 
convert SRP into non-bioavailable forms without affecting a bioreactor’s effective nitrate 
removal.  The study investigated different types of materials to reduce SRP including aluminum 
oxide, steel wool, and steel turnings.  When steel turnings were placed downstream of the 
bioreactor, SRP concentrations were reduced an average of 8.54%.  When steel turnings were 
placed upstream, SRP concentrations were increased an average of 23.8%.  Alternatively, nitrate 
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reduction was 25% greater when the steel turnings were upstream once again proving the 
presence of pollution swapping.  (Goodwin, 2012) 
 
2.8 Effects on greenhouse gases 
Incomplete denitrification in a bioreactor could potentially release N2O, a greenhouse 
gas.  A denitrifying bioreactor installed in a southern Ontario stream-bed was measured for N2O 
and methane, finding the production of the former correlated with colder temperatures and 
incomplete nitrate removal and the production of the latter correlated with warmer temperatures 
and complete nitrate removal (Elgood et al., 2010).  Warneke et al. (2010) found higher N2O 
emissions in summer months when nitrate reduction was highest.   Review of field bioreactors by 
Christianson (2011) found that the total N2O emitted was less than 4.5% of the total nitrate 
reduced.   
Warneke et al. (2011) studied six different carbon substrates in barrel studies at cool 
(16.8 °C) and warm (27.1 °C) controlled temperatures for the release of nitrous oxide, N2O-N, 
and methane, CH4.  Wheat straw was found to release almost ten percent of the removed NO3—N 
in the form of N2O-N, the highest percentage.  Wheat straw, green waste, and maize cobs released 
methane, while neither of the two measured gases were detected in the effluent from sawdust or 
woodchip (soft and hard wood) barrels (Warneke et al, 2011). 
 
2.9 Effects on methyl mercury 
Methylmercury is also a non-point source pollutant, its main exposure to humans through 
the consumption of fish.  Typically surface waters contain between 0.1 and 0.3 ng/L and waters 
with concentrations below 0.5 ng/L are considered unpolluted.  Unlike nitrogen, in an anaerobic 
environment the chance for the methylation of mercury greatly increases.  Methylation of 
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mercury is the oxidation of elemental mercury from Hg2 to aqueous MeHg by sulfate-reducing 
bacteria.  In a bioreactor, denitrifiers are able to outcompete bacteria that reduce Fe- and sulfate 
(Hudson and Cooke, 2014).  However when nitrate is completely removed, those bacteria are 
now able to gain the energy and reduce sulfate or methyalize mercury.  Hudson and Cooke (2014) 
illustrated the production of methyl mercury under anaerobic conditions in a bioreactor and found 
that as sulfate and dissolved organic carbon were consumed, the production of methyl mercury 
increased.  In six of fourteen inlet samples, an average methyl mercury concentration of 0.09 ng 
MeHg /L was found.  In every effluent sample, methyl mercury was detected at an increased 
concentration as high as 10-12 ng MeHg /L.  Possible explanations for this dramatic increase 
include (1) wood particles from trees that naturally accumulate mercury (Hg) from the air and soil 
and (2) ponding zones that may develop in a poorly designed bioreactor.  The methylation of 
mercury as an adverse effect of denitrifying bioreactors is of great concern however remains a 




CHAPTER 3. METHODS 
 
3.1 Site description 
The bioreactor in this study was designed to strike a balance between three parameters: 
(1) adequate retention time that maximizes nitrate removal and minimizes the potential for 
adverse effects such as sulfate reduction and mercury methylation, (2) operation at a reasonable 
peak flow, and (3) fit within the given location.    The volume and areal ratio was based on the 
tile drain size that leads to the bioreactor. From rom a method based on a pilot-scale study in 
Iowa that references Manning’s equation for open channel flow- the bioreactor was designed to 
treat a maximum of 20% of peak tile drainage flow and operate at a minimum retention time 
between 4 and 8 hours at peak flow conditions. Design guidelines used for many bioreactors 
across the Midwest were used to design the system (Christianson et al., 2012b). 
The single-pass bioreactor evaluated in this study was installed at the Throckmorton 
Purdue Agricultural Research Center in Lafayette, IN in September 2012.  It was installed at the 
edge of an agricultural field to intercept water from one of the main tile drains.  The agriculture 
field uphill from the bioreactor rotates between corn and soybeans and is drained by a subsurface 
system that discharges to a local ditch which runs north-south through the property.  The single-
pass bioreactor was constructed 4.6m uphill from the ditch with the dimensions 17.68 m length, 
10.67 m width, and 0.91 m depth giving a total active flow volume of 173 m3.  Two drainage 
control structures, one upstream and one downstream of the bioreactor divert subsurface tile 
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drainage from 25 hectares through the woodchip bed before discharging into a local 
stream (Figure 3.1).   
Prior to construction, soil profiles were taken at four sites along the ditch, including one 
near the location of the bioreactor.  Each profile had similar patterns with a top horizon (0-25 cm) 
of silty-clay-loam, middle horizons (25-130 cm) of silty-clay-loam or clay, and a bottom horizon 
(>130 cm) of silty-loam.   
Two drainage control structures were installed at the inlet and outlet of the bioreactor 
(Figure 3.2).  Effluent from the bioreactor and additional tile drains outlet into a local ditch which 
runs the length of the farm before reaching the Wabash River.  A two stage ditch was constructed 
at the same time as the bioreactor and is also monitored for its effectiveness in reducing nutrient 
loads to the ditch.  
 
Figure 3.1: Model of the woodchip bioreactor installed at the edge of an agricultural field in 




The existing 15 cm main drainage tile from the field was excavated and cut to fit the 
inflow 3-chamber AgriDrain drainage control structure (inflow structure) upstream of the 
bioreactor (Figure 3.3).  The existing tile was reconnected to the other end of the inflow structure 
where drainage water could bypass the bioreactor and flow directly to the ditch (Figures 3.2 & 
3.3).  A new 15 cm tile was installed that would divert water to the bioreactor.  Corrugated 
perforated PVC pipes (15 cm diameter and 10.7 m long) diffuser pipes were installed 
perpendicular to the ditch at the upstream and downstream bioreactor sections.  A 2 chamber 
outflow AgriDrain drainage control structure (outflow structure) was installed at the downstream 
section of the bioreactor with a 15 cm diameter outlet pipe leading to the ditch with riprap added 
for protection. 
 





Figure 3.3 Inflow drainage control structure with trenches excavated to tile base and new tiles 
installed to divert water into the bioreactor (photo from L.Bowling) 
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The trench was excavated 1 m to the base of the existing tile and to the dimensions 
described previously.  The bottom and sides of the trench were lined with plastic to prevent the 
migration of woodchips and minimize the loss of water to the surrounding subsurface (Figure 
3.4). The trench was backfilled with to a depth of 0.8m with woodchips made from a mixture of 
trees from the local site (Figure 3.5). A geotextile liner was placed on top of the woodchips to 
prevent soil migration and capped with 30 cm of the soil removed during excavation (Figure 3.6).  
Perennial seed and fertilizer were applied to the top soil. (Figure 3.3) 
 
Figure 3.4: Excavated trench lined with plastic and the corrugated perforated PVC pipes installed 




Figure 3.5: The lined trench was backfilled with woodchips (photo from L. Bowling) 
 
Figure 3.6: Geotextile installed on top of woodchips and covered with top soil removed during 
excavation (photo from L.Bowling)  
24 
 
Four monitoring wells made from 5cm PVC pipes were installed in four locations in the 
woodchip trench.  The buried section of each well was drilled with holes and covered with a 
geotextile material that would allow for water to move through while shielding woodchips 
(Figure 3.7).  A portion of well was left exposed above ground and topped with a cap that could 
be removed during monitoring procedures.  Each well is positioned 2 m from the longest side and 
3 m from the short side, therefore two run along the inflowing perforated PVC pipe and two along 
the outflowing perforated PVC pipe (Figure 3.8).   
 






Figure 3.8: Diagram of bioreactor with the six sampling sites where measurements were 
collected (Inflow DCS, Well 1, Well 2, Well 3, Well 4 and Outflow DCS) and the dimensions.  
Note: this diagram is not to scale (NTS)  
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3.2 Drainage control structure management 
Moveable boards inside the drainage structures separate the chambers and dictate the 
flow of water.  When such a structure is used for drainage water management, landowners control 
the water table depth in their fields by increasing or decreasing the height of the boards.  For the 
purpose of this woodchip bioreactor, they were used to manage flow into and out of the 
bioreactor.  Each board is approximately 20cm wide and either 18 or 13 cm long.  When stacked 
on top of each other within vertical tracks, these boards act as hydraulic control structures where 
water flows over the top.  Management of board heights changes seasonally based on tile flow 
and saturated bioreactor conditions. 
The inflow structure has three chambers, divided by two sets of these boards.  Incoming 
tile drainage flows into the first chamber and once it exceeds the height of the first set of boards 
flows into the second chamber where a tile drain leads to the bioreactor.  This first set of boards 
was kept relatively low to allow for an efficient delivery of drainage water to the bioreactor.  The 
second set of boards which separates the second and third chamber were kept much higher than 
the first set of boards in order to ensure as much drainage water as possible would be diverted 
into the bioreactor.  In the case of a high flow event, the water could exceed the height of the 
second set of boards and flow into the third chamber where a tile drain would deliver it to the 
ditch, bypassing the bioreactor completely. 
The outflow structure has two chambers, divided by one set of boards.  Water exiting the 
bioreactor flows into the first chamber and once it exceeds the height of these boards flows into 
the second chamber and out the outflow tile drain into the ditch.  The height of these boards was 




The heights of the three sets of boards in each structure were recorded throughout the 
study, controlling how much water was allowed into and out of the bioreactor.  With the goal of 
keeping the woodchips as saturated as possible, the inflow boards (shown in green in Figure 4.12) 
were kept at a low height, the bypass boards (shown in blue) were kept at a height just below the 
top of the inflow structure, and the outflow boards (shown in red) were kept at the height of the 
top of the bioreactor.  Figure 3.9 provides the elevations of the ground surface (or land surface 
datum, LSD) at each structure and the four monitoring wells and also the very top of both 
structures.  From February 2013 through January 2014, the elevation of each set of boards was as 
follows: inflow at 216.10 m, bypass at 216.75m, and outflow at 216.47 m.  After January 2014 
(and until the end of the study in May 2014) the heights of the boards were changed to 
accommodate for the v-notch weirs and elevations were as follows: inflow at 215.81 m, bypass at 
217.03 m, and outflow at 216.49 m.  These elevations indicate the bottom of the “v” in the v-
notch that had been cut into the top board at each location (i.e. the elevation at which water would 




















3.3 Data collection and field monitoring 
The frequency of data collection ranged from continuous to monthly depending on tile 
drain flow.  From late winter to early summer (typically January through May) tile drainage was 
at its highest, compared to summer through winter (June through December) when very little to 
no tile flow was observed.  This high inter-seasonal variability is typical in the Midwest.  During 
the first flow season beginning in January 2013, weekly visits were made to the bioreactor site 
following the methods described below.  During the dry season beginning in May 2013 and 
continuing to February 2014, field visits were less frequent, ranging from weekly to monthly.   
From January 2013 through May 2014, water samples were collected from the bioreactor 
for nutrient analysis.  Samples were taken on a schedule that ranged biweekly to monthly, 
depending on the season and if there was water and/or flow in the bioreactor.  Grab samples were 
collected from the inflow and outflow drainage control structures as well as the outlet tile drain 
and stored in 500 mL brown nalgene bottles.  Multiple times throughout 2013 and 2014, samples 
were also drawn from each well using plastic tubing and a syringe.   
Following collection, samples analyzed for nitrate-nitrite (nitrate-N) and soluble reactive 
phosphorus (SRP) were first filtered using 0.45 µm disposable membrane filters (Figure 3.10).  
Samples analyzed for total nitrogen (TN) and total phosphorus (TP) were not filtered.  Samples 
were then distributed to labeled 60 mL brown Nalgene bottles and stored at -10 °C until analyzed 
for nutrient concentration.   






Figure 3.10: Water samples collected from the inflow structure (left) and the outflow 
structure (right) were filtered, labeled, and distributed to 60 mL bottles for storage 
 
Samples analyzed for nitrate-N used the SEAL Analytical AQ2 Method No: EPA-114-A 
Rev. 7 which has a minimum detection limit of 0.03 mg N/L.  In each sample, nitrate (NO3-) was 
reduced by copperized cadmium to nitrite (NO2-) and after reacting with sulfanilamide and N-
ethylenediamine dihydrochloride in dilute phosphoric acid would become a red/purple hue that 
could be measured spectrophotometrically at 520 nm.  The resulting absorbance value was 
translated to a concentration of nitrate-N expressed as mg N/L.  Samples analyzed for SRP 
followed the SEAL Analytical AQ2 Method SRP and EPA-119-A Rev. 6 which has a minimum 
detection level of 0.003 mg P/L.  The SRP present in the sample would react to form a blue color 
and was measured photometrically at 880 nm.  The resulting absorbance value was translated to a 
concentration of SRP expressed as mg P/L. 
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TN and TP concentrations were determined using the alkaline persulfate digestion 
method.  The alkaline persulfate reagent was prepared using 18.0 g of potassium persulfate and 
45 mL of 1.5 M sodium hydroxide with deionized (DI) water following the methods described by 
Patton & Kryskalla (2003).  The calculated addition of sodium hydroxide neurtralizes any sulfuric 
acid which may be present in the anoxic water collected from the sampling sites, which makes it 
unlikely that sulfides will interfere with the cadmium reduction reactor in the SEAL AQ2 discrete 
analyzer.  This reagent was added to each sample with a volume ratio of 2 part sample to 1 part 
reagent in Pyrex culture tubes.  The proper standards, blanks, and control solutions were also 
treated with the digestion reagent with the same volume ratio.   The tubes were capped to 
minimize water loss during digestion and set in an autocalve at 121 °C for 30 minutes.  During 
this time, the persulfate was undergoing thermal decomposition which neutralized and eventually 
acidified the reaction mixture.  Under these acidic conditions, dissolved and suspended 
phosphorus hydrolyze to orthophosphate and all forms of nitrogen oxidize to nitrate (Patton & 
Kryskalla, 2003).  After 30 minutes, the samples were let to cool until they could be handled 
comfortably and then stored in the lab’s refrigerator for up to 48 hours until final analysis.  
Samples for TN analysis were then analyzed following the SEAL Analytical AQ2 Method No: 
EPA-114-A Rev. 7 for nitrate-N described above.  Samples for TP analysis were analyzed using 
the SEAL Analytical AQ2 Method No: EPA-119-A Rev. 6 for ortho-P as described above.  This 
method by alkaline persulfate digestion has detection levels of 0.015 mg N/L for total nitrogen 
and 0.007 mg P/L.  This method has been approved and validated for water samples with nitrate-
N concentrations greater than 0.1 mg N/L (Patton & Kryskalla, 2003). 
 Temperature of the woodchips in the bioreactor was monitored autonomously 
with a temperature data logging system.  In January 2013, an OnSet environmental monitoring 
system (HOBO U12-008 4-channel Outdoor External) was deployed at the northwest corner of 
the bioreactor, next to the well closest to the outflow drainage structure.  Four probes (Onset 
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TMC20-HD 20 ft Air/Water/Soil Temperature Probes) were positioned underground, three in the 
woodchips below the geotextile liner and one in the topsoil layer above the geotextile liner.  
Three probes within the woodchip bed were positioned in 30 cm vertical increments (96.5 cm, 
66.0 cm and 35.5 cm) below the ground surface and one probe in the topsoil was 5 cm below the 






Figure 3.11: Diagramed depths of the four temperature probes extending down from the data 
logging system encased above ground.  Three sensors are below the geotextile liner at 35.5 cm, 



















































A handheld multi-parameter probe (YSI 556 Multi Probe System) was used to monitor 
dissolved oxygen, oxidation reduction potential, pH, and temperature of the water as it traveled 
through the bioreactor.  During each field visit, the probe was lowered into the inflow and 
outflow drainage structures and all four monitoring wells.  The probe collects each measurement 
instantaneously and stores with the date and time of collection.  
 
3.4 Hydraulic measurements and calculations 
A water table profile of the bioreactor was made from water level measurements taken at 
the six monitoring sites (inflow and outflow structures and four monitoring wells) during field 
visits from January 2013 through May 2014.  Following USGS standard methods for measuring 
water level in a submerged well, an electrical sensor was lowered into the drainage structure or 
monitoring well (U.S. Geological Survey, 2011).  Once the sensor reached the water surface, it 
triggered an audible and/or light signal.  Measurements were recorded in a field notebook as 
water level below measuring point where measuring point is the top of the structure (i.e. top of a 
well or top of a drainage structure) and the measurement is the distance from that measuring point 




Figure 3.12: Method used to collect water measurements in the structures and monitoring wells 
(U.S. Geological Survey, 2011) 
 
The land surface datum (LSD) was obtained using RTK (Real Time Kinematic) GPS.  
Hand measurements using a tape measure were used to confirm the elevation of each structure’s 
measuring point from the ground surface.  These position measurements were combined with 
water level measurements to create the hydrologic water profile of the bioreactor for the duration 
of the study.    Measurements taken from the four monitoring wells (Figure 3.13) and two 
drainage structures (Figure 3.14) were taken during each field visit and include days when there 





Figure 3.13: Water level measurements collected from four monitoring wells and 
average land surface datum (LSD) of the bioreactor 
 
It is assumed that water travels laterally through the bioreactor from the inflow diffuser 
pipe to the outflow diffuser pipe, i.e. perpendicular to water flowing into the bioreactor.  The 
hydraulic gradient was based on in situ water level measurements taken each field visit (Figure 
3.14) and calculated using equation 3.1: 
ܫ௛ ൌ ூ௡௙௟௢௪	௛௘௜௚௛௧	ିை௨௧௙௟௢௪	௛௘௜௚௛௧௟   (Equation 3.1) 
where 
ܫ௛   = hydraulic gradient (m/m) 
ܫ݂݈݊݋ݓ	݄݄݁݅݃ݐ  =water height measured in chamber 2 of the inflow structure (m) 
ܱݑݐ݂݈݋ݓ	݄݄݁݅݃ݐ =water height measured in chamber 1 of the outflow structure (m) 




















Figure 3.14: Water level measurements taken from the inflow and outflow structures 
during field visits (including drainage and non-drainage events) 
 
The bioreactor was designed with a theoretical hydraulic conductivity of 5.7 m/min 
which was calculated in Iowa State University’s Porous Media Lab.  Actual daily hydraulic 
conductivity was calculated using equation 3.2:  
ܭ ൌ ௤ூ೓∗஺ೞ (Equation 3.2) 
where 
ܭ   =hydraulic conductivity (m/min) 
ݍ   =average daily flow (m3/min) 
ܫ௛   = hydraulic gradient (m/m) 




Saturated bioreactor area was based on the average water level between the four monitoring 
wells.  Average bioreactor water level was multiplied by the width of the bioreactor (10.7 m) to 
obtain a saturated bioreactor area.  
The hydraulic retention time (HRT in days) was calculated using equation 3.3: 
ܪܴܶ ൌ ௟௪ௗ∗ఘ∗଺଴௤   (Equation 3.3) 
where  
ܪܴܶ   =hydraulic retention time (hours) 
݈ݓ݀   =volume of the bioreactor (173 m3) 
ߩ   =effective media porosity (0.68 based on Purdue lab studies) 
ݍ   =average daily flow (m3/min) 
 
 
3.5 Flow monitoring and calculations 
Incoming flow rate is governed by the area of drained land, rain event patterns, irrigation 
practices, water table depth altered by the drainage system, and the extent of the drainage system 
(Schipper et al., 2010).   
Flow was measured with two different methods.  Area velocity meters were placed in the 
existing and added outlet tile drains from spring to fall 2013. Flo-tote 3 AV sensors captured 
water velocity and depth at 15 minute intervals and with the known geometry of the tile drain was 
used to calculate outflow.  The flow velocity meters were removed in the fall of 2013 and the 
method for calculating flow was changed to capture measurements inside the structures versus in 
the tile drains. 
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Since January 2014, water levels in both drainage structures were continuously measured 
using pressure transducers.  Solinst Levelogger Junior Edge sensors (leveloggers) were placed 
behind the boards of each chamber.  Two water pressure sensors were deployed in the inflow 
drainage structure, one in the first chamber behind the first set of boards and one in the second 
chamber behind the second set of boards.  In the outflow drainage structure, one water pressure 
sensor was deployed in the first chamber behind the one set of boards.  The leveloggers measured 
and recorded water pressure at a 15 minute interval.  A software program used the water and 
barometric pressure measurements to compute water level.  These values were also calibrated 
against the manual water level measurements.  
This method used for measuring flow in the drainage structures was developed at the 
Ohio State University (Kilpatrick, 2013).    Three 45° v-notch weirs, fabricated from the original 
AgriDrain boards in the ABE machine shop were placed in each drainage structure (Figure 3.15). 
The pressure transducers previously described to measure water level were paired with each v-
notch weir.  This method assumed that board heights beneath each v-notch weir affected the flow 
calculated.  Equations 3.4 and 3.5 were used to calculate flow from the known height of the 









Figure 3.15: V-notch weir board dimensions for a 6” AgriDrain drainage control structure and 
7.75” x 0.5” x 7” board- from the bottom of the ‘V’ to the bottom groove of the board (referred in 
the sketch as a) measures 3”, the top width of the ‘V’ (b) is 4.625”, and from top of board to the 
bottom of the “V” (c) measures 4” (image from Ohio State University) 
 





൪ ൅ 1.388 (Equation 3.4) 
where: 
ln()  =natural log 
ݍீ௉ெ	  =flow rate (gallons per minute) ݄  =head above v-notch (in) (also labeled ‘c’ in Figure 3.15) 







Flow was converted to metric units by: 
ݍ ൌ ௤ಸುಾଶ଺ସ.ଶ (Equation 3.5) 
 
where: 
ݍ  =flow rate (m3/d) 
During times when there was increased tile flow and the bioreactor was completely 
saturated, the water level above the first set of boards in the inflow structure often exceeded the 
height of the weir.  Therefore, inflow could not be accurately calculated during these events and it 
was assumed that outflow would equal inflow minus any water that bypassed the bioreactor. 
The bioreactor is lined with plastic on each side and bottom and capped with a geotextile 
and topsoil excavated during construction.  It is therefore assumed that the only loss of water (i.e. 
water that does not make a complete journey through the bioreactor) is when water exceeds the 










3.6 Data analysis 
Nitrate load reductions were calculated from the nutrient concentration and flow data 
collected from April 2013 through May 2014.  Average daily volumetric nitrate removal rate 
(g/L/d/m3) was calculated from equation 3.6 and average daily nitrate removal (kg/d) was 
calculated from equation 3.7: 
ሺሾேைయሿ೔ିሾேைయሿ೐ሻ∗௤
ଵସସ଴∗௏ 	 (Equation 3.6) 
 
ሺሾேைೣሿ೔ିሾேைೣሿ೐ሻ∗ଵ଴଴଴
ଵସସ଴ 	 (Equation 3.7) 
where:  
 
ሾܱܰଷሿ௜  =influent nitrate-N concentration (mg/L) 
ሾܱܰଷሿ௘  =effluent nitrate-N concentration (mg/L) 
ݍ  =daily flow (m3/min) 
ܸ  =bioreactor woodchip volume (144 m3) 
 
The saturation of the bioreactor was determined from spatial data collected during field 
monitoring procedures.  Figure 3.16 shows a cross-section of a partially saturated bed with each 
parameter (both known and measured) labeled.  Depth to saturated woodchips (Equation 3.8) was 
calculated using an average water level measurement and land surface datum across all four wells 
and then used to calculate the final percentage of saturated woodchips (Equation 3.9): 








݀௦௔௧   =depth of saturated woodchips (m) 
ܦ௪௘௟௟   =total depth of well (m) 
݀௪௔௧௘௥   =measured depth to the water table (m) 




Figure 3.16: Cross-sectional view of partially saturated woodchips and diagram of how percent 













3.7 Woodchip decay rate 
For the purposes of a long-term evaluation of the bioreactor carbon media (i.e. the 
woodchips), the following procedure was used to monitor the degradation rate of woodchips.  
Mesh bags were measured, marked and buried alongside each well.  A total of eight mesh bags 
were filled with pre-weighed woodchips (including sample dried weight) and then buried- two 
next to each of the four wells with one buried 5 cm above the trench bottom and the other 60 cm 
above the trench bottom, just below the geotextile liner.  These mesh bags are planned to be 








4.1 Nitrate-N and total nitrogen reduction 
 
 From January 2013 through May 2014 there were a total of 17 discharge events when 
water samples were collected from the inflow structure (influent) and discharge from the outflow 
tile drain (effluent).  Nitrate+Nitrite (referred to as nitrate-N in the subsequent discussion) 
concentrations decreased to near zero in each discharge event.  Influent concentrations of nitrate-
N averaged 9.40 mg/L (2.48-11.7) and effluent concentrations averaged 0.58 mg/L (0-3.89) 
giving an average reduction of 94% (Table 4.1).  In 12 of the 17 drainage events (70%), nitrate 
was not detected in the effluent.  Influent concentrations of total nitrogen (TN) averaged 9.11 




Table 4.1: Nitrate-N and TN concentrations measured in the influent and effluent water during 

















1/11/2013 10.64 1.52 6.99 0.41 
1/16/2013 10.55 1.52 7.05 3.12 
1/25/2013 10.51 0.00 10.08 6.10 
1/30/2013 11.18 3.89 11.27 6.40 
2/6/2013 10.49 0.00 10.59 5.53 
2/13/2013 11.59 0.00 11.08 2.10 
2/27/2013 11.13 1.80 12.00 2.95 
3/20/2013 11.37 0.00 11.90 2.14 
3/29/2013 11.24 0.00 12.00 2.58 
4/11/2013 11.66 0.00 13.18 1.80 
2/21/2014 2.48 0.00 3.49 0.89 
4/3/2014 8.49 1.13 8.28 1.91 
4/9/2014 7.47 0.00 7.23 1.43 
5/13/2014 7.82 0.00 7.84 1.82 
5/14/2014 8.19 0.00 7.03 1.45 
5/19/2014 7.64 0.00 7.75 0.83 
5/21/2014 7.33 0.00 7.12 0.66 






The TN concentration measured from the unfiltered samples and analyzed using alkaline 
persulfate digestion method is a summation of the following N-forms: ammonium, nitrate, nitrite, 
and organic nitrogen.  TN concentration was not always greater than nitrate-N concentration 
(Table 4.1) which suggests potential analytical error.  Results from 9 of the 17 influent samples 
showed total nitrogen concentrations less than nitrate-N concentrations with an average 
difference of 12.8% (1.4 - 41.4%).  The two largest percent differences were measured in the first 
two discharge events on January 11 and 16, 2013.  Accounting for start-up conditions and 
removing these two outliers, the average percent difference becomes 4.8% (1.4 - 15.3%).  Results 
from only 1 of the 17 effluent samples showed TN concentrations less than nitrate-N 
concentrations.  This sample was collected from the first observed discharge event on January 11, 
2013 when the water flowing out of the bioreactor was the dark tea color (see Figure 4.1).  Given 
the colorimetric method for analysis by the Seal AQ2 discrete analyzer, this dark coloration could 
interfere with the final result.   
Patton and Kryskalla (2003) stated that, “The quantitative recovery of N and P by 
alkaline persulfate digestion depends critically on a progressive decrease in pH (initial pH <12, 
final pH ≤ 2.2) during the 1-hr course of the digestion”.  The addition of persulfate and hydroxide 
ions to the sample before digestion would formulate these alkalkine conditions (pH > 12) and 
after the complete thermal decomposition of persulfate would result in acidic conditions (pH 
<2.2) that oxidize all forms of nitrogen to nitrate.  pH was not measured after the reagent was 
added or after digestion of the samples, following typical lab protocol and therefore this essential 
parameter may explain why some of the total nitrogen concentrations were less than expected. 
To validate the TN results, in August 2014 all 34 samples were analyzed a second time 
for TN using the methods described in Section 3.3.  The procedure was an exact replica as the 
prior analyses except for the samples were inverted manually three times before being put in the 
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autoclave.  Again pH was not measured after addition of the reagent or after digestion.  Results 
from the second analysis were similar to the original results presented in Table 4.1 (see Appendix 




4.2 Nitrate-N load reductions and removal rate 
 
Flow data were combined with nitrate-N concentrations to calculate load reductions 
during four discharge events from April 2013 through May 2014 (Table 4.2).  A flow event was 
defined by the first and last day of discharge from the bioreactor following rain events and, in this 
study, ranged from 3 days to two weeks.  Influent and effluent concentrations remained very 
consistent throughout a flow event and for each flow event, an average influent and effluent 
concentration were calculated.  Water samples were not collected every day from within a given 
flow event, therefore for days with measured flow but without measured concentrations, the 
average concentration from that event was applied (see Appendix A for detailed results).  
Measurements that can relate the effectiveness (i.e. nitrate reduction) among bioreactors of 
different type, carbon media, size, etc. include the average daily volumetric nitrate removal rate 
and the average daily nitrate removal rate.  Average daily volumetric nitrate removal rate takes in 
to account the size of a bioreactor and describes how many grams of nitrate as nitrate-N are 
removed per cubic meter of the bioreactor each day.  Average daily nitrate removal rate describes 







































2013 0.02 2.0 0.3 4.0 14 (1) 
February 19-21, 
2014 0.95 23.7 3.4 10.2 3 (1) 
April 3-11, 2014 0.60 44.1 6.3 57.1 9 (2) 
May 13-19, 2014 0.37 28.9 4.2 37.5 9 (4) 
 
 The last 2013 flow event lasted 14 days in April and was captured by a Flo-tote installed 
in the outflow tile drain.  The average daily flow was 0.02 m3/min and from a water sample taken 
on April 11 the calculated average volumetric nitrate removal rate was 2.0 g N/m3/d.  During this 
flow event, a total 4.0 kg of nitrate was removed from tile drainage. 
 In 2014 flow was calculated for all 7 discharge events that occurred in the months of 
February, April, and May which were used to define 3 flow events.  Volumetric removal rates 
during the 2014 season were much higher than what has been reported previously.  The first flow 
event in February lasted three days where a sample was collected from both the inflow and 
outflow structures.  Of the three 2014 events, the February event had the highest daily flow 
(averaging 0.95 m3/min) however the lowest daily volumetric nitrate removal rate (averaging 23.7 
g/m3/d).  The second flow event in April lasted 9 days with an average daily flow rate of 0.60 
m3/min and had the highest daily volumetric nitrate removal rate (averaging 44.1 g/m3/d).  The 
final flow event in May also lasted 9 days with four water sample collections.  The May event 
had the lowest daily flow rate (averaging 0.37 m3/min) and the intermediate daily volumetric 
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nitrate removal rate (averaging 28.9 g/m3/d).  Across the four events, an increased daily flow did 
not correlate to an increased nitrate removal rate. In the 2014 flow season 104.8 kg of nitrate as 
nitrate-N was removed by the bioreactor from a 25 hectare drained field- a 4.2 kg/ha mass 
reduction of nitrate that would otherwise be lost to the ditch 
   
4.3 Soluble Reactive Phosphorus and Total Phosphorus 
In each of the 17 discharge events from January 2013 through May 2014, soluble reactive 
phosphorus (SRP) concentrations increased as water flowed through the bioreactor.  Influent 
concentrations averaged 0.02 mg /L (0-0.16) and effluent concentrations averaged 1.29 mg /L 
(0.03-5.52).  Concentrations from the first discharge event on January 11 were not included in the 
data analysis due to the dark orange/brown colored water samples that could not be accurately 
measured by the SEAL AQ2 discrete analyzer which relies on absorbance measurements to test 
for the presence of N and P (Figure 4.1).  Soon after the initial flushing of the woodchips, the 






Figure 4.1: Tile drainage from the bioreactor outlet, from left to right: first discharge event where 
the water is a dark tea-color; just 5 days after the first discharge event the water has returned to its 

















January 11, 2013 January 16, 2013 April 9, 2014 
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Table 4.3: SRP and TP concentrations measured in the influent and effluent water during 17 















1/11/2013 0.02   0.01   
1/16/2013 0.01 2.06 0.00 2.23 
1/25/2013 0.01 5.52 0.00 6.96 
1/30/2013 0.02 1.73 0.02 2.27 
2/6/2013 0.01 2.30 0.00 3.01 
2/13/2013 0.02 2.45 0.00 2.86 
2/27/2013 0.01 0.75 0.03 0.93 
3/20/2013 0.02 1.01 0.00 2.56 
3/29/2013 0.05 2.55 0.04 3.89 
4/11/2013 0.16 1.46 0.23 2.07 
2/21/2014 0.03 0.18 0.12 0.34 
4/3/2014 0.01 0.15 0.06 0.35 
4/9/2014 0.00 0.07 0.00 0.25 
5/13/2014 0.01 0.20 0.06 0.48 
5/14/2014 0.00 0.19 0.03 0.66 
5/19/2014 0.01 0.03 0.00 0.19 
5/21/2014 0.00 0.03 0.02 0.25 







SRP continued to desorb into the water flowing through the bioreactor; however 
concentrations decreased from the 2013 to the 2014 flow seasons (Figure 4.2 and Table 4.3).  
Based on previous studies, an initial leaching of SRP was expected during the flushing stage 
however a sustained increase in SRP concentration in the effluent was observed in this study. 
Possible explanations include: (1) interchanging levels of bioreactor (woodchip) saturation 
(Section 4.4); (2) the type of woodchips; (3) iron and aluminum oxides reduced in an anaerobic 
environment which leads to the production of SRP; or (4) a hydraulic retention time that was 
potentially long and favorable to SRP production (section 4.5). 
The woodchips were a mix of hard woods and softwoods gathered from local trees.  
Bacteria within woody media native to a landscape may interact differently with organic and 
inorganic nutrients. Hydraulic retention time is governed by three factors: (1) porosity of the 
woodchips, (2) active flow volume (this may include the L:W ratio and/or the cross-sectional 
shape), and (3) flow through the bioreactor.  The first two factors are controllable and were 
considered during design and construction of the bioreactor.  The bioreactor was designed to 
handle a peak flow rate which was calculated from Manning’s equation for pipe-full flow.  This 
method may not be economical as drainage systems are typically not operating at peak flow- 
instead operating between zero and maximum peak flow conditions.  When operating at less than 
peak flow, potentially adverse processes (e.g. SRP leaching into the water) may begin to take 
place during time when water isn’t flowing through as fast or at all.  An alternate design method 
that bases the size of the bioreactor (L:W ratio) on the drainage area and drainage coefficients 
may reduce the potential for adverse effects.  One problem with this alternate method is that 
drainage areas and drainage coefficients are often not known for a drainage system.  The last 
factor is the uncontrollable variable- dictated by rain patterns, crop rotations, and tile flow which 
vary seasonally and annually.  From spring 2013 through spring 2014, daily flow ranged from 
0.02 m3/min to 0.95 m3/min (Section 4.2).  The fact that nitrate was greatly (if not completely) 
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reduced in every drainage event suggests that the hydraulic retention time was long enough to 
accommodate almost complete denitrification.  This positive effect on denitrification may have 
also caused adverse effects including the leaching of SRP. 
Some of these explanations have been explored further in the following sections.  The 
limited data set cannot provide a definite explanation or attribute a certain characteristic of the 




Figure 4.2: Log concentrations of soluble reactive phosphorus (SRP) and total phosphorus (TP) 
measured in the influent and effluent water during 17 discharge events from January 2013 to May 
2014 
 
4.4 Impacts of physical characteristics 
 
One objective of this study was to quantify the relationships between the bioreactor’s 
























Influent Ortho-P Effluent Ortho-P Influent TP Effluent TP
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potential (ORP), dissolved oxygen (DO), pH, and temperature of the water taken from the inflow 
and outflow structures and four monitoring wells were compared with nitrate removal for all 17 
discharge events.  Little correlation was found between nitrate removal and these characteristics.  
Reasons include: (1) the relatively small number of discharge events; (2) a very high reduction of 
nitrate in each event reducing the variability among events; and/or (3) the relatively short 
sampling period after the construction of the bioreactor.  The following discussion will focus on 
individual characteristics and how they differ throughout sampling sites in the bioreactor and 
seasonally.  The entire data set starts from the first observed flow event in January 2013 through 
the last observed flow event in May 2014 and includes periods of non-flow (May 2013-February 
2014).  In the figures displayed later in this document there are periods of time when no 
measurements were taken.  See Appendix C for detailed results. 
Monitoring wells 1 and 2 are positioned 2 meters from the inflowing perforated tile and 
monitoring wells 3 and 4 are positioned 15 m from the inflowing perforated tile and 2 m from the 







Figure 4.3: Above image of bioreactor with the four monitoring well positions and suggested 
flow pattern (image by D. Martin) 
 
Results from in situ measurements often showed distinct trends given the lateral 
movement of water through the bioreactor.  Measurements generally either increased or 
decreased in the following order:  
ܫ݂݈݊݋ݓ	ݏݐݎݑܿݐݑݎ݁ → 	ܹ݈݈݁ݏ	1	ܽ݊݀	2	 → 	ܹ݈݈݁ݏ	3	ܽ݊݀	4	 → ܱݑݐ݂݈݋ݓ	ݏݐݎݑܿݐݑݎ݁ 
For each characteristic, wells 1 and 2 were similar in value and closest to the value 
measured in the inflow structure.  Wells 3 and 4 were similar in value, differed most from the 
value measured in the inflow structure, and were closest to the value measured in the outflow 
structure.  Figure 4.4 demonstrates these trends as well as how each characteristic changed 
seasonally.  In situ measurements from the inflow structure and wells 1 and 2 are represented by 
open symbols (each a distinguishing shape and/or color).  In situ measurements from the outflow 
structure and wells 3 and 4 are represented by closed symbols (each a distinguishing shape and/or 
color).    
Measurements were taken during observed flow events and during periods when water 
was not flowing through the bioreactor and is stagnant.  In Figure 4.4, this period of stagnation or 







was no-flow and no measurements taken.  Oxidation reduction potential values steadily decreased 
in the structures and wells during the period of no-flow, reaching the lowest measured values in 
September 2013.  Oxidation reduction potentials increased during the flow season. Dissolved 
oxygen remained consistently low with little to no variation between the drainage structures and 
wells.  pH in each of the structures and wells reached their lowest value during the period of no-
flow in June 2013 and then steadily increased from July 2013 through September 2013.  The 
changes in the bioreactor’s physical characteristics from flow to non-flow seasons could affect 
the degree to which certain processes are taking place.  Although the two seasons cannot be 
compared by nitrate-reduction capacity or SRP production, the variation in measurements may be 
the cause of increased SRP concentrations.  Longer term data may provide a clearer picture of the 






Figure 4.4: Physical characteristics of the bioreactor from January 2013 through May 2014 
including discharge and non-discharge events.  The period when there was no discharge from the 




ORP decreased as water moved horizontally through the bed, indicating favorable 
conditions for denitrification (a reducing chemical reaction).  The ORP values were highest in the 
inflow structure averaging 22.1 mV (-163.5-192.9); first decreasing in well 1 to an average 10.9 
mV (-161.9- 148.7) and in well 2 to an average 15.6mV (-139.8- 148.7) decreasing further in well 
3 to an average -1.8 mV (-152.5- 122.1) and in well 4 to -4.6 mV (-120.0- 69.5); and finally 
reaching the outflow structure with an average ORP level of -6.3 mV (-132.9- 73.1).  ORP levels 
were highest during the winter months and began dropping in early spring, reaching the lowest 
values in late spring through early fall.  During the flow season when measurements were taken 
during discharge events, ORP values were much higher (Table 4.4).  Average ORP values 
measured during the 2014 flow season were less than the average ORP values measured during 
the 2013 flow season.  It would be expected that a lower or more negative ORP indicates greater 
strength or activity of reducers (i.e. the heterotrophic bacteria) and a greater or more positive 
ORP indicates lower strength or activity of reducers.   
 
Table 4.4: Overall and yearly averages for in situ ORP measurements collected during discharge 
events 
 
 Oxidation reduction potential (mV) 
 Inflow Well 1 Well 2 Well 3 Well 4 Outflow 
Overall 
average 
















DO concentrations also decreased as water moved from the inflow structure through the 
bioreactor.  Influent concentrations averaged 4.88 mg /L (0.05-12.39), decreasing to an average 
0.46 mg/L (0.03-7.64) in the monitoring wells, and to an average 0.61 mg/L (0.03- 3.56) in the 
effluent.  Concentrations were higher during discharge events when fresh, oxygen-rich water was 
flowing into the bioreactor.  Dissolved oxygen concentrations decreased between the 2013 and 
2014 discharge seasons (Table 4.5).  Anaerobic conditions are typically defined when dissolved 
oxygen is below 0.2 mg/L which would best facilitate denitrification.  Nitrate was reduced in 
each drainage event even when DO was above 0.2 mg/L (Figure 4.5).  The drainage event with 
lowest percentage nitrate reduction (65.3%) occurred when the average DO concentration 
amongst the four wells was 1.9 mg/L.  The drainage event with the highest average DO 
concentration amongst the four wells (2.3 mg/L) had an 86.7% reduction in nitrate.  Although the 
calculated correlation between nitrate reduction and DO is high (0.7), Figure 4.5 shows that this is 
because of the concentration of high percent reduction at low DO values.  
Table 4.5: Overall and yearly averages for in situ DO measurements taken during discharge 
events 
 
 Dissolved oxygen concentrations (mg/L) 
 Inflow Well 1 Well 2 Well 3 Well 4 Outflow 
Overall 
average 

















Figure 4.5: Percent nitrate-N reduction compared to the average DO concentration among all 
four wells measured during 17 drainage events 
 
 
pH of the water generally decreased as water moved horizontally through the bed.  The 
lowest pH values measured in each site were during the first flow event in January 2013 and have 
been steadily increasing over time.  The maximum pH values measured in each site all occurred 
on April 16, 2014.  On average pH values were highest in the inflow structure at 7.18 (6.26-8.16); 
decreasing to 6.95 (6.25-7.24) and 6.93 (6.21-7.16) in well 1 and well 2, respectively; further 
decreasing to 6.81 (6.21-7.15) and 6.65 (5.98-6.98) in well 3 and well 4, respectively; and finally 
averaging 6.71 (6.09-6.93) in the outflow structure.  During discharge events pH was higher than 
the overall average and pH levels have increased from the 2013 drainage season to the 2014 
drainage season with the exception of the inflow structure (Table 4.6).  The lowest pH values 
measured in the wells occurred on June of 2013 when the bioreactor was still slightly saturated 
however there was no discharge.  They began rising later that month and continued to rise into the 
fall of 2013.  pH values remained above 6.0.  A pH below 6.0 could indicate ulterior reactions 


























Table 4.6: Overall and yearly averages for in situ water pH measurements taken during drainage 
events 
 
 pH (unit) 
 Inflow Well 1 Well 2 Well 3 Well 4 Outflow 
Overall 
average 

















4.5 Impacts of water and woodchip temperature 
 Increasing water temperatures and increasing woodchip temperatures did not strongly 
correlate with increased nitrate reduction (e.g. a correlation coefficient of 0.3 between water 
temperature and nitrate reduction).  100% reduction of nitrate occurred when the average water 
temperature measured in the bioreactor was at its lowest (5.2 ºC) and at its highest (11.9 ºC) 
(Figure 4.6).  The high reduction of nitrate observed throughout the study provided limited 
variability between drainage events. The analysis shows the seasonal changes and will benefit 
from long-term data collection as the carbon material (woodchips) begin to degrade over time. 
 
Figure 4.6: Percent nitrate-N reduction compared to the average water temperature measured in 






























Water temperature remained relatively constant among the four wells and changed 
seasonally.  In the winter months (January to March) temperatures ranged from 4.2 to 10 °C and 
in spring to early summer (April to June) ranged from 5.8 to 18.7 °C and in late summer to fall 
(July to November) ranged from 13.9 to 24.6 °C.  During discharge events temperatures would 
range between 4.9 and 13.4 °C, averaging 8.1 °C.  Figure 4.7 below provides a graphic 
representation of the seasonal changes of water temperature in the bioreactor. 
 
Figure 4.7: Water temperature averages over all four monitoring wells with error bars 
representing minimum and maximum values among all four wells 
 
Subsurface temperatures changed seasonally (Figure 4.8) and variations directly 
corresponded with location to the ground surface; i.e. the closest to the ground surface the greater 
variation.  The warmest temperatures were recorded during the summer of 2013 and the coldest 
during the winter of 2014.  The temperature recorded 5 cm from the surface (above the geotextile 
within the topsoil layer) varied the most dropping as low as -5.2 °C during winter months and 
rising as high as 35.5 °C during summer months.  Temperatures recorded below the geotextile 
layer within the woodchips also varied seasonally with variation decreasing with depth from the 
surface.  Temperature recorded 96.5 cm below the surface (the deepest temperature sensor) 
dropped as low as 6.0 °C during winter months and rose as high as 23.0 °C during summer 
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months.  No discharge was observed during these warmest and coldest time periods.  
Temperatures recorded during the flow seasons (January – April, 2013 and February – May, 
2014) are presented in Table 4.7.  Temperatures are reported for the woodchips and the topsoil 
layer given that there were times when water had moved into the topsoil layer.  Average 
temperatures and ranges generally increased moving deeper down the profile with the exception 
of the 2014 drainage season 35.5cm probe.  See Appendix E for detailed results. 
Table 4.7: Average (and range) of woodchip and topsoil temperature profile during the 2013 
drainage season (January-April) and the 2014 drainage season (February-May) 
 
 Temperature (°C) 




(-0.79 - 16.03) 
5.07 
(1.32 – 14.55) 
7.12 
(3.54 – 13.38) 
8.31 




(-2.51 – 22.44) 
6.47 
(0.91 – 18.51) 
7.06 
(2.34 – 13.50) 
7.63 








4.6 Effect of bioreactor saturation  
 
 Previous research suggests that seasonal changes in woodchip saturation will affect 
nitrate removal and could increase the chance of adverse effects such as an increase in SRP 
(Ranaivoson et al., 2012).  In this study, woodchip saturation ranged from 10% (February 2013) 
to 100% (March 2014).  Figure 4.9 provides a cross-sectional view of a partially saturated 
bioreactor.  Depth to saturated woodchips, percent woodchip saturation and the associated 
nutrient concentration are presented in greater detail in Appendix D.   
Bioreactor saturation levels during the entire study (including non-discharge events) were 
compared to SRP concentrations (Figure 4.10).   Bioreactor saturation greater than 100% 
represents when water levels were measured above the height of the woodchips (i.e. water had 
moved into the topsoil layer).  It is clear that saturation of the woodchips changes seasonally and 
that, from previously discussed result, nitrate consistently decreases while SRP increases. It has 
been suggested that during dry cycles, organic P is building within the wood media.  Then when 
water is re-introduced during the first tile flow event, the anaerobic environment is conducive for 
the organic P to transform and exit the bioreactor as SRP in the effluent.  From the limited data 
set, no direct correlation was evident. Influent and effluent log SRP concentrations compared to 





Figure 4.9: Cross-sectional view of partially saturated woodchips (image by D. Martin) 
 
 
Figure 4.10: Percent bioreactor saturation and log concentrations of influent and effluent SRP 











Figure 4.11: Bioreactor saturation directly compared to log concentrations of influent and 
effluent SRP during entire study from January 2013 to May 2014 
 
 
4.7 Hydrological properties of the bioreactor 
 From January 2014 through May 2014, the hydraulic gradient and discharge were 
continuously measured in the bioreactor, calculated from continuous water level measurements in 
both the inflow and outflow structures.  Figure 4.12 represents the time-based relationship 
between both hydraulic properties.  A positive hydraulic gradient indicates water level in the 
inflow structure was higher than water level in the outflow structure and a negative hydraulic 
gradient indicates the opposite.  With the exception of the first positive hydraulic gradient which 
occurred on February 1 (0.0035 m/m), each positive hydraulic gradient in 2014 was followed by a 
discharge event.  As stated previously, a flow event was defined by the first and last day of 
discharge following a rain event but can also be linked to a positive (or an increase in) hydraulic 





Figure 4.12: Daily hydraulic gradient and daily discharge from January 2014 – May 2014 
 
 From design specifications based on bioreactor volume and size of the tile drain, 
optimally the bioreactor would have an average daily flow of 0.204 m3/min, a hydraulic 
conductivity of 5.7 m/min, and hydraulic retention time between 4 and 8 hours.  Throughout the 
2013 and 2014 flow seasons, these and other hydrological properties varied, operating above and 
below the design specified hydraulic settings (Table 4.8).  Given the near complete reduction of 
nitrate in each drainage event, the varying flow rates and hydraulic retention times did not affect 
the bioreactor’s nitrate reducing capacity.  Hydraulic retention times greater than 8 hours indicate 
that there has been sufficient time for denitrification to take place however other biochemical 
reactions could be taking place in the anaerobic environment (e.g. SRP production and 
methylation of mercury).  Hydraulic conductivity is a physical property of the woodchips 
describing the ease at which water moves through pore space.  In this study, the calculation used 
to determine actual hydraulic conductivity (Equation 3.2) depended on the average daily flow and 
saturated bioreactor area.  Results varied greatly over time (similar to average daily flow rates) 
which may indicate uncertainty in measurements. 
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Table 4.8: Hydraulic properties of the bioreactor measured during observed drainage events. In 
the 2013 event (shaded row) flow data was determined from area velocity meters in the outlet tile 
drains.  In all 2014 events (non-shaded rows) flow data was determined from levelogger and v-
notch weir calculations. 
 
May 13 and May 19, 2014 had the lowest measured flow rates (0.02 m3/min and 0.0003 
m3/min, respectively) and the largest hydraulic retention times (115.5 hours and 6811.6 hours, 
respectively) and they are the bookends to the entire flow event.  Discharge was recorded from 
the leveloggers each day from May 13 through May 19 however field measurements of water 
levels were taken only three days.  A closer look at the days within this flow event deemphasizes 
the extreme low flows and great hydraulic retention times.  Saturated bioreactor area for the four 
days without field measurements were assigned based on the average saturated areas measured on 
May 14 (8.09 m2) and May 19 (7.67 m2).  From this the measured flow rates and iterative values 
for saturated area- the hydraulic gradient, conductivity, and retention times were calculated for 
each day (Table 4.9).  The results associate lesser retention times with greater flow rates and that 






















4/11/2013 0.078 7.87 0.0043 2.31 5.1 
4/3/2014 0.96 8.93 0.0097 11.1 2.0 
4/9/2014 0.27 7.61 0.0024 14.7 7.3 
5/13/2014 0.02 6.96 0.0026 0.93 115.5 
5/14/2014 0.42 8.09 0.0056 9.36 4.6 
5/19/2014 0.0003 7.67 0.0035 0.01 6811.6 
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Table 4.9: Hydraulic properties during a 7 day flow event in May 2014 that includes observed 
discharge events (shaded rows) and events with measured discharge and estimated saturated 
bioreactor area (non-shaded rows) 













5/13/2014 0.02 6.96 0.0026 0.93 115.5 
5/14/2014 0.42 8.09 0.0056 9.36 4.6 
5/15/2014 1.11 7.92 0.0083 16.85 1.8 
5/16/2014 0.76 7.92 0.0124 7.692 2.6 
5/17/2014 0.96 7.92 0.0085 14.23 2.0 
5/18/2014 0.065 7.92 0.0047 1.75 30.09 




 Figure 4.13 shows precipitation records from a weather station at TPAC, located within a 
kilometer of the bioreactor.  As expected in the Midwest, precipitation is seasonal with the largest 
accumulation occurring in the spring and early summer months.  Rain events impact tile drainage 
flow and daily flow through the bioreactor. 
 




4.8 Bioreactor spatial analysis 
 
During two discharge events in spring 2014 (May 14 and May 19), water samples were 
taken from each of the four monitoring wells in addition to the inflow and outflow samples 
(Figure 4.14).  At the same time, a YSI multi meter probe was used to collect data from each 
drainage control structure (structure) and all four wells, resulting in a spatially distributed data set 
that enabled a comparison of nitrate removal and SRP addition to biophysical characteristics such 
as temperature, dissolved oxygen, bioreactor saturation, pH, and oxidation reduction potential.  
Both events exhibited similar trends (Figure 4.15).   As values increase, the cell color changes 
from red to yellow to green.  The colors primitively indicate the change in value with red 
representing the minimum, yellow the median, and green the maximum value for each particular 
data type. 
Nitrate-N concentrations were always highest in the inflow structure, averaging 7.9 mg/L 
and as water came into contact with the anaerobic woodchip bed nitrate was significantly 
reduced.  The two monitoring wells (1 and 2) which are 2 m from the inflowing perforated tile 
had an average nitrate-N concentration of 1.5 mg/L, an 81% reduction.  At monitoring wells (3 
and 4) 15 m from the inflowing perforated tile and 2 meters from the outflowing perforated tile, 
nitrate-N concentrations were reduced to 0 mg/L which was also measured at the outflow.  This 
suggests that inflow nitrate was efficiently removed within the first few meters of the bioreactor.   
Since nitrate was completely reduced in both discharge events it is not possible to make 
direct correlations to other biophysical characteristics.  It is however useful to see how these 
characteristics change as water follows a distinct horizontal flow pattern from inflow to outflow.  
SRP showed an opposite trend to that of nitrate: SRP increased as it moved through the 
bioreactor.  Average concentrations were 0.005 mg P/L in the inflow structure; 0.02 mg P/L in 
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wells 1 and 2; 0.06 mg P/L in wells 3 and 4; and 0.12 mg P/L in the outflow structure- 24 times 
the influent concentration. 
Water temperature was consistent in both structures and within the bioreactor averaging 
12.6 °C (10.9-13.2) and showed no spatially significant trend.  The seasonal changes in water 
temperature over the entire study period is covered in Section 4.3 however during all 2013 and 
2014 discharge events temperatures averaged 8.1 °C (4.9-13.4). 
The level of bioreactor saturation and the hydraulic gradient was determined from water 
level measurements taken in both structures and the monitoring wells.  During discharge events 
when there was a positive hydraulic gradient, the bioreactor was more saturated than during non-
discharge events.  Saturation above 100% indicates that the woodchips were completely saturated 
and water had begun percolating into the topsoil layer above the geotextile.  The hydraulic 
gradient based on the horizontal length of 17.68 meters was 0.0056 m/m on May 14 and 0.0035 
m/m on May 19, two of the highest gradients during the 2013 to 2014 flow seasons. 
Dissolved oxygen levels showed a significant decrease from the inflow structure to the 
outflow structure, indicative of an anaerobic environment suitable for denitrification to take place.  
For the two discharge events, inflow concentrations averaged 7.8 mg DO/L and outflow 
concentrations averaged 0.14 mg DO/L.  Levels within the bioreactor were consistent and 
averaged 0.25 mg DO/L (0.16-0.36), a 97% reduction from the influent concentration. 
Oxidation reduction potential (ORP) decreased as water moved horizontally through the 
bed, further indicating that conditions were suitable for denitrification.  Average ORP levels 
during both events were highest in the inflow structure at 70.4 mV; decreasing to 26.5 mV (8.4-
43.3) in wells 1 and 2; further decreasing to -10.1 mV (-25.0 -+5.2) in wells 3 and 4; and to its 
lowest level at -12.5 mV in the outflow structure.  Comparing the two individual discharge 
events, ORP levels were much lower on May 14 than May 19.  A lower or more negative ORP 
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indicates greater strength or activity of reducers (i.e. the heterotrophic bacteria) and a greater or 
more positive ORP indicates lower strength or activity or reducers.  Evaluating the ORP levels 
independently of all other data would suggest more denitrification to be occurring on May 14 
when ORP levels were negative.  During both events nitrate was completely reduced and not 
detected in the effluent water samples, so no direct relationship between ORP and the rate of 
denitrification was detected.  
The pH measured during both discharge events showed a similar spatial trend of pH 
decreasing as water flowed from the inflow to the outflow.  Average levels were 7.3 in the inflow 
structure; decreasing to 7.2 (6.95-7.35) in wells 1 and 2; further decreasing to 7.0 (6.73-7.28) in 
wells 3 and 4; and reaching its lowest level at 6.9 in the outflow structure.  This study did not 
show a distinct relationship between nitrate removal rate and the optimum pH range between 7.0 





Figure 4.14: Diagram of bioreactor with the six sampling sites where measurements were 
collected (Inflow DCS, Well 1, Well 2, Well 3, Well 4 and Outflow DCS) and the dimensions.  




Figure 4.15: Spatial distribution for nutrient concentrations and biophysical characteristics 
monitored in the bioreactor during two spring discharge events in spring 2014.  Specific to each 
parameter: green indicates the maximum value, yellow the median, and red the minimum 
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Figure 4.15: Spatial distribution for nutrient concentrations and biophysical characteristics 
monitored in the bioreactor during two spring discharge events in spring 2014.  Specific to each 
parameter: green indicates the maximum value, yellow the median, and red the minimum 
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 In September 2012, a woodchip bioreactor was installed at the edge of an agricultural 
field in West Lafayette, Indiana.  Drainage control structures diverted tile drainage from a 25 
hectare agricultural field through a 173 m3 subsurface bed of woodchips before discharging into a 
local waterway.  The objectives of this research study were to (1) determine the amount and rate 
of nitrate removed, (2) evaluate the effect on phosphorus, and (3) quantify the impacts of physical 
characteristics on nutrient reduction.  Field measurements were collected weekly during active 
tile flow seasons from January 2013 through May 2014.  Water samples were collected from the 
inflow drainage control structure (influent) and the bioreactor’s outlet tile drain (effluent).  Water 
samples were analyzed for nitrate-nitrite (nitrate-N), soluble reactive phosphorus (SRP), total 
nitrogen (TN), and total phosphorus (TP). In situ measurements were taken from the inflow and 
outflow drainage structures as well as four monitoring wells which were installed in the woodchip 
bed during bioreactor construction.  In situ measurements included depth to the water table, 
dissolved oxygen, oxidation reduction potential, pH, and water temperature.  Subsurface sensors 
collected temperature measurements from various depths within the woodchips and topsoil layers.  
Flow data was collected from the flow structures and tile drains. 
 From the 17 discharge events observed during the entire study period, nitrate-N 
concentrations were reduced by an average of 94% as water flowed through the woodchip 
bioreactor.  Influent nitrate-N concentrations averaged 9.4 mg/L (2.48- 11.66 mg/L) and effluent 
nitrate-N concentrations averaged 0.58 mg/L (0- 3.89 mg/L).  Average daily volumetric nitrate 
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removal rate calculated from four flow events that occurred over the entire study period ranged 
from 2.0 to 44.1 g/d/m3. 
 In each discharge event, SRP concentrations increased as water moved through the 
bioreactor.  Influent SRP concentrations averaged 0.02 mg /L (0- 0.16 mg /L) and effluent 
concentrations averaged 1.29 mg /L (0.03- 5.52 mg /L).  During the first drainage event which 
occurred in January 2013, the effluent water exiting through the tile drain to the ditch was a dark 
orange/brown color and concentrations were not included in the final analysis. 
 Physical characteristic data displayed seasonal trends and conditions conducive for 
denitrification to occur.  For example, dissolved oxygen concentrations suggested the bioreactor 
was anaerobic throughout the study (equal to or less than 2 mg/L).  Saturation of the woodchips 
cycled between 10% and 100% saturation by volume, mostly dependent on the amount of tile 
flow.  No quantitative relationships could be made between physical characteristics of the 
bioreactor and its effective nitrate reduction.  This was likely due to the (1) very high reduction of 
nitrate in each drainage event reducing the variability between events, (2) the bioreactor was 
operating during its early stages dismissing the effects of woodchip degradation, and/or (3) the 
limited data set of only 17 drainage events.   
 The bioreactor was effective in removing nitrate from tile drain water that flowed 
through, however there are concerns and need for continued monitoring.  At the conclusion of 
this study it was not known what was causing the increase in SRP.  Possible explanations 
included a hydraulic retention time that is too long, inconsistent levels of woodchip saturation, the 
type of woodchips used, and the negative effects of water flowing through an anaerobic 
environment.   
 The high reduction in nitrate (12 of the 17 events had untraceable concentrations of 
nitrate-N) and results from the spatial analysis which showed removal within the first half of the 
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woodchip bioreactor, suggest that the hydraulic retention is too long.  A hydraulic retention time 
which exceeds the time it takes for complete denitrification could cause alternative and negative 
reactions within the anaerobic environment.  This includes sulfate reduction (suggested by the 
rotten egg smell sometimes observed at the bioreactor outflow), production of greenhouse gases, 
and methylation of mercury.   Additional measurements and analysis can provide clarity into 
these potential adverse effects. 
 Long-term data will provide additional information on bioreactor longevity and 
performance.  Mesh bags of woodchips which were buried during construction in September 
2012 can be removed in the coming years and observed for physical degradation.  Continued 
collection of data regarding the bioreactor’s physical characteristics could better quantify their 
effect on nitrate reduction over time. 
 This study has provided further proof that denitrification beds can be implemented as best 
management practices for effective nitrate reduction in agricultural drainage.  
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Appendix A: Nitrate loads and reduction rates 
Table A.1: Nitrate-N (NO3-N) concentration and daily flow data used to calculate average daily 
load reductions for four flow events during the study.  The measured concentration(s) is (are) 
highlighted in blue and an average influent and effluent concentration averaged for each flow 
event and highlighted in brown. 
 
 































4/11/2013 0.078 11.66 0 11.66 1.3 9.0
4/12/2013 0.056 11.66 0 11.66 0.9 6.5
4/13/2013 0.030 11.66 0 11.66 0.5 3.5
4/14/2013 0.020 11.66 0 11.66 0.3 2.4
4/15/2013 0.000 11.66 0 11.66 0.0 0.0
4/16/2013 0.026 11.66 0 11.66 0.4 3.0
4/17/2013 0.000 11.66 0 11.66 0.0 0.0
4/18/2013 0.000 11.66 0 11.66 0.0 0.0
4/19/2013 0.001 11.66 0 11.66 0.0 0.1
4/20/2013 0.007 11.66 0 11.66 0.1 0.8
4/21/2013 0.008 11.66 0 11.66 0.1 0.9
4/22/2013 0.006 11.66 0 11.66 0.1 0.7
4/23/2013 0.005 11.66 0 11.66 0.1 0.6
4/24/2013 0.004 11.66 0 11.66 0.1 0.4







































2/19/2014 0.635 2.48 0 2.48 2.3 15.8
2/20/2014 2.173 2.48 0 2.48 7.8 53.9
2/21/2014 0.053 2.48 0 2.48 0.2 1.3
Average 0.954 3.4 23.7
































4/3/2014 0.962343 8.49 1.13 7.36 10.2 70.8
4/4/2014 1.651187 7.98 0.57 7.41 17.6 122.4
4/5/2014 0.567075 7.98 0.57 7.41 6.1 42.0
4/6/2014 0.194741 7.98 0.57 7.41 2.1 14.4
4/7/2014 0.494446 7.98 0.57 7.41 5.3 36.6
4/8/2014 1.202069 7.98 0.57 7.41 12.8 89.1
4/9/2014 0.268451 7.47 0 7.47 2.9 20.1
4/10/2014 0.01762 7.98 0.57 7.41 0.2 1.3
4/11/2014 0.000552 7.98 0.57 7.41 0.0 0.0








































5/13/2014 0.016973 7.82 0 7.82 0.2 1.3
5/14/2014 0.422795 8.19 0 8.19 5.0 34.6
5/15/2014 1.112799 7.75 0 7.75 12.4 86.2
5/16/2014 0.75638 7.75 0 7.75 8.4 58.6
5/17/2014 0.958946 7.75 0 7.75 10.7 74.3
5/18/2014 0.065155 7.75 0 7.75 0.7 5.0
5/19/2014 0.000288 7.64 0 7.64 0.0 0.0
5/20/2014 0 7.75 0 7.75 0.0 0.0
5/21/2014 0 7.33 0 7.33 0.0 0.0
Average 0.370371 4.2 28.9
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Appendix B: Nitrate-N and TN concentrations 
 
 Table B.1: TN results including samples re-run for total nitrogen in August 2014 using 
the same methods as throughout the study.  Results were much the same and so the original 
results (shown here in green) were used for final analysis and discussion.     































1/11/2013 10.64 1.52 6.99 * 6.78 * 
1/16/2013 10.55 1.52 7.05 3.12 6.57 3.76 
1/25/2013 10.51 0.00 10.08 6.1 8.88 5.86 
1/30/2013 11.18 3.89 11.27 6.4 10.45 6.5 
2/6/2013 10.49 0.00 10.59 5.53 9.95 2.23 
2/13/2013 11.59 0.00 11.08 2.1 10.37 1.37 
2/27/2013 11.13 1.80 12 2.95 10.94 2.34 
3/20/2013 11.37 0.00 11.9 2.14 10.6 1.52 
3/29/2013 11.24 0.00 12 2.58 10.45 2.18 
4/11/2013 11.66 0.00 13.18 1.8 10.9 1.25 
2/21/2014 2.48 0.00 3.49 0.89 1.59 2.31 
4/3/2014 8.49 1.13 8.28 1.91 8.55 3.02 
4/9/2014 7.47 0.00 7.23 1.43 6.93 1.43 
5/13/2014 7.82 0.00 7.84 1.82 7.95 1.97 
5/14/2014 8.19 0.00 7.03 1.45 7.65 1.94 
5/19/2014 7.64 0.00 7.75 0.83 5.73 1.31 
5/21/2014 7.33 0.00 7.12 0.66 7.25 1.32 
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Appendix C: Physical characteristics 
Data collected from in situ measurements using a YSI multi parameter probe from January 2013 
through May 2014 including all field visits (during both non and non-flow events). 
Table C.1: Oxidation-reduction potential (mV) 
DATE Inlet Outlet Well 1 Well 2 Well 3 Well 4 
1/11/2013 158.6 -7.5 38.4 71.7 38.7 -58.7 
1/16/2013 165.6 27.7 148.7 147.6 90.8 47.1 
1/25/2013 39.4 29.8 124.8 112 59.5 30.3 
1/30/2013 192.9 73.1 132.9 148.7 122.1 55.5 
2/6/2013 143.5 39.9 100.8 105 69.3 39.9 
2/13/2013 155.4 33.2 87.5 97.5 47.9 28.8 
2/27/2013 150.1 69.7         
3/20/2013 51.3 28.4 47.5 46 42.1 33.1 
4/3/2013   63.9 13.8 34.2 26.1 45 
4/11/2013 154.6 29.2 65.3 81.5 51.6 53.2 
4/17/2013 175.6 -34.6 96.5 95.1 49.8 -12.4 
5/16/2013 27.4   17.1 2 9.2 13 
5/22/2013 -3.8   0.4 2.8 1.3 2.9 
5/29/2013 -12.9 11.2 -7 -0.2 -1.4 3.1 
6/7/2013 -11.3 4.8 -6.1 -7.8 0.9 12.9 
6/12/2013 -44.3 -2.7 -17.8 -13.5 -12 2.3 
6/18/2013 -28.8 -3 -6.3 0.1 -5.8 4.6 
6/26/2013 -35.9 -13.5 -24.8 -7.4 -21.3 -4.3 
7/12/2013 -38.4 -23.5 -28.4 -16.4 -33 -23 
7/24/2013 -69.9 -43.8 -52.3 -40.3 -53.5 -41.9 
7/31/2013 -99.6 -50.3 -55.2 -55.4 -81.6 -63.1 
8/9/2013   -44.9 -57 -50.6 -78.6 -72.2 
8/20/2013 -136.1 -82.3 -82.1 -84.7 -85.2 -86.4 
9/3/2013 -150.5 -132.9 -136.8 -139.8 -125.9 -117.9 
9/16/2013 -163.5 -119 -161.9 -130.3 -152.5 -120 
9/23/2013 -158.1 -104.2 -135.1 -112.6 -112.7 -119.5 
10/9/2013 -144.9 -131         
2/26/2013 -15 -5.5         
3/5/2014 33.7 49.8         
3/7/2014 11.5 27.3   1.6   16.4 
3/10/2014 8.3 22.4   12.3   14.5 
3/21/2014 51 33 46.6 33.1   36.2 
4/3/2014     63.5 67.9 71.2 69.5 
4/9/2014 76.7 48.4 60.2 60.8 54.5 55.1 
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4/16/2014 41.2 8.9 15.2 8.4 1.9 4.7 
5/13/2014 63.5 14.8 17.8 20.1 18.3 17.7 
5/14/2014 68 -15.6 10.8 8.4 -25 -10.4 
5/19/2014 73.4 -9.4 43.3 43.3 5.2 2.4 
5/21/2014 67.4 -18.8 -0.9 3.6 -28 -18.1 
 
 
Table C.2: Dissolved oxygen (mg DO/L) 
DATE Inlet Outlet Well 1 Well 2 Well 3 Well 4 
1/11/2013 11.25 0.2 0.26 1.56 0.24 0.12 
1/16/2013 11.58 0.38 0.47 0.35 0.29 0.38 
1/25/2013 11.59 0.29 0.57 0.66 0.38 0.49 
1/30/2013 11.67 1.25 1.88 4.52 0.68 0.37 
2/6/2013 11.65 0.5 0.57 1.18 0.5 0.34 
2/13/2013 12.39 0.21 0.72 0.81 0.31 0.5 
2/27/2013 11.3 3.56         
3/20/2013 11.56 0.37         
4/3/2013   0.69 0.31 0.24 0.42 0.31 
4/11/2013 9.3 0.15 0.22 0.25 0.18 0.32 
4/17/2013 10.05 0.06 0.24 0.24 0.13 0.16 
5/16/2013 0.18   0.2 0.21 0.23 0.16 
5/22/2013 0.19   0.25 0.15 0.16 0.1 
5/29/2013 0.19 0.18 0.17 0.19 0.15 0.15 
6/7/2013 0.66 0.13 0.22 0.12 0.24 0.15 
6/12/2013 0.07 0.16 0.14 0.12 0.13 0.14 
6/18/2013 0.05 0.2 0.13 0.12 0.09 0.14 
6/26/2013 0.08 0.09 0.15 0.14 0.08 0.09 
7/12/2013 0.09 0.29 0.17 0.12 0.14 0.14 
7/24/2013 0.07 0.14 0.2 0.12 0.13 0.23 
7/31/2013 0.11 0.23 0.35 0.15 0.1 0.13 
8/9/2013   0.34 0.16 0.15 0.13 0.2 
8/20/2013 0.05 0.14 0.14 0.23 0.09 0.1 
9/3/2013 0.05 0.03 0.04 0.03 0.11 0.1 
9/16/2013 0.22 0.09 0.15 0.11 0.14 0.12 
9/23/2013 0.18 0.07 0.12 0.09 0.08 0.11 
10/9/2013 0.15 0.05         
2/26/2013 1.46 2.2         
3/5/2014 1.46 1.18         
3/7/2014 0.91 1.67 0.53 0.78   2.79 
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3/10/2014 1.24 1.19 1.51 1   1.15 
3/21/2014 1 1.56 0.35 0.83   0.85 
4/3/2014     0.45 4.32 1.04 2.22 
4/9/2014 9.95 0.37 0.46 0.35 0.25 0.25 
4/16/2014 8.45 0.34 0.35 0.45 0.32 0.25 
5/13/2014 7.01 0.31 7.64 0.39 0.35 0.37 
5/14/2014 7.61 0.14 0.29 0.25 0.2 0.36 
5/19/2014 8.04 0.13 0.24 0.19 0.19 0.16 
5/21/2014 7.35 0.3 0.39 0.24 0.23 0.24 
 
Table C.3: Water pH (units) 
DATE Inlet Outlet Well 1 Well 2 Well 3 Well 4 
1/11/2013 7.4 6.4 6.68 6.8 6.58 6.31 
1/16/2013 7.61 6.78 7.24 7.13 6.93 6.72 
1/25/2013 7.77 6.56 7.04 7.08 6.65 6.54 
1/30/2013 8.14 6.68 7.62 7.45 7.09 6.62 
2/6/2013 8.1 6.61 7.52 7.34 7.01 6.59 
2/13/2013 7.83 6.47 7.34 7.1 6.67 6.46 
2/27/2013 7.86 7.02         
3/20/2013 7.81 6.91 7.57 7.44 7.14 6.73 
4/3/2013   6.38 6.65 6.82 6.41 6.25 
4/11/2013 7.66 6.5 7.3 7.19 6.92 6.44 
4/17/2013 7.31 6.89 7.23 7.19 7.17 6.9 
5/16/2013 6.79   6.69 6.71 6.55 6.39 
5/22/2013 6.65   6.46 6.44 6.32 6.19 
5/29/2013 6.41 6.31 6.36 6.42 6.31 6.26 
6/7/2013 6.89 6.13 6.59 6.62 6.29 6.1 
6/12/2013 6.61 6.09 6.41 6.41 6.26 6.01 
6/18/2013 6.55 6.2 6.25 6.32 6.21 5.98 
6/26/2013 6.54 6.21 6.3 6.29 6.28 6.16 
7/12/2013 6.26 6.48 6.33 6.26 6.41 6.39 
7/24/2013 6.36 6.48 6.36 6.35 6.46 6.43 
7/31/2013 6.58 6.59 6.45 6.46 6.62 6.58 
8/9/2013   6.61 6.55 6.55 6.71 6.68 
8/20/2013 6.83 6.72 6.67 6.7 6.79 6.77 
9/3/2013 6.86 6.82 6.82 6.92 6.86 6.87 
9/16/2013 6.99 7.19 6.99 6.93 6.97 6.95 
9/23/2013 6.91 7.04 6.91 6.92 6.92 6.96 
10/9/2013 6.86 6.87         
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2/26/2014 6.95 6.91         
3/5/2014 6.98 6.79         
3/7/2014 6.89 6.77   6.93   6.85 
3/10/2014 6.88 6.62   6.75   6.7 
3/21/2014 7 6.79 6.77 6.77   6.72 
4/3/2014     7.67 7.6 7.3 7.12 
4/9/2014 7.9 7.33 7.75 7.68 7.57 7.45 
4/16/2014 8.16 7.45 7.87 7.8 7.66 7.5 
5/13/2014 7.95 6.84 7.3 7.29 7.1 6.96 
5/14/2014 7.06 6.71 6.98 6.95 6.8 6.73 
5/19/2014 7.45 7.14 7.35 7.34 7.28 7.15 
5/21/2014 7.65 7.33 7.46 7.46 7.52 7.4 
 
Table C.4: Water temperature (°C) 
DATE Inlet Outlet Well 1 Well 2 Well 3 Well 4 
1/11/2013 6.8 11.2 7.2 6.7 9.5 10.3 
1/16/2013 7.2 8.2 7.1 7.2 7.9 8.2 
1/25/2013 4.5 8.2 8.2 6.3 7.9 8 
1/30/2013 6.1 5.8 6.3 6 6 6 
2/6/2013 4.6 7 6.2 5.8 7.1 6.9 
2/13/2013 5 7 5.6 5.2 6.8 6.8 
2/27/2013 5 4.7         
3/20/2013 4.4 4.9 5.7 4.9 5 5 
4/3/2013   5.9 5.7 5.6 6.2 5.8 
4/11/2013 7.6 9.1 8.3 8.3 8.6 8.9 
4/17/2013 8.1 8.8 8.3 8.4 8.7 8.8 
5/16/2013 11.6   11.9 12 12.6 12.8 
5/22/2013 14.2   13.2 13.6 13.7 14 
5/29/2013 13.7 14.7 13.8 14.5 14.6 14.5 
6/7/2013 14.6 16.1 14.4 14.6 15.3 15.9 
6/12/2013 15 16.3 15.1 15.5 16.2 16.4 
6/18/2013 16.1 16.9 15.8 16.5 17.2 17.1 
6/26/2013 18.4 18.1 17.6 18.2 18.6 18.7 
7/12/2013 18.4 18.7 18.6 19.2 19.6 19.3 
7/24/2013 20.1 20.4 20.1 20.9 21.3 21 
7/31/2013 19.7 20 20.1 20.7 21.1 20.9 
8/9/2013   19.9 20.3 20.6 20.8 20.8 
8/20/2013 19.9 19.8 20.6 21.1 21.1 21.1 
9/3/2013 20.8 21 22 22.7 23.1 22.9 
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9/16/2013 19.8 21.4 23.2 24.2 24.7 24.6 
9/23/2013 19.7 20.4 22.9 23.5 23.9 23.9 
  18.2 19.2         
  3.4 1.6         
  3.2 2.9         
3/7/2014 4 2.4   4.5   4.2 
3/10/2014 4.5 3.2   4.9   4.7 
3/21/2014 4.1 3.5 4.3 4.3   4.2 
4/3/2014     5.5 5.3 5.8 6.1 
4/9/2014 5.8 6.1 5.9 5.9 6.1 6.1 
4/16/2014 7.4 7 7.3 7.5 7.7 7.7 
5/13/2014 11.4 12 10.4 11.3 12.5 13.4 
5/14/2014 11.2 13.2 11.4 11.4 12 12.5 
5/19/2014 10.9 10.9 10.9 11 11 11 





Appendix D: Woodchip saturation 
 





























1/11/2013 0.4 47.7 10.64 1.52 85.7 0.02 * 
1/16/2013 0.55 27.3 10.55 1.52 85.6 0.01 2.06 
1/25/2013 0.52 31.3 10.51 0.00 100.0 0.01 5.52 
1/30/2013 0.44 42.1 11.18 3.89 65.3 0.02 1.73 
2/6/2013 0.68 10.5 10.49 0.00 100.0 0.01 2.30 
2/13/2013 0.66 13.3 11.59 0.00 100.0 0.02 2.45 
2/27/2013 0.55 27.7 11.13 1.80 83.8 0.01 0.75 
3/20/2013 0.44 42.2 11.37 0.00 100.0 0.02 1.01 
3/29/2013 0.12 84.1 11.24 0.00 100.0 0.05 2.55 
4/11/2013 0.02 96.8 11.66 0.00 100.0 0.16 1.46 
2/21/2014 0.54 29.6 2.48 0.00 100.0 0.03 0.18 
4/3/2014 -0.07 109.8 8.49 1.13 86.7 0.01 0.15 
4/9/2014 0.05 93.6 7.47 0.00 100.0 0.00 0.07 
5/13/2014 0.11 85.6 7.82 0.00 100.0 0.01 0.20 
5/14/2014 0 99.5 8.19 0.00 100.0 0.00 0.19 
5/19/2014 0.04 94.3 7.64 0.00 100.0 0.01 0.03 





Appendix E: Woodchip temperature 
 
Table E.1: Average daily temperature profile measured by HOBO U12-008 4-channel Outdoor 
External Temperature at the four different depths.  Temperatures were collected hourly beginning 
January 9, 2013 until the end of the study period (May 31, 2014). 
Depth from ground 5 cm 35.5 cm 66 cm 96.5 cm 









2013         
Jan         
9-Jan 2.26 5.08 6.88 14.87 
10-Jan 1.21 5.91 12.27 15.12 
11-Jan 2.69 5.71 11.20 13.94 
12-Jan 5.65 5.83 8.66 11.73 
13-Jan 5.96 6.48 7.45 9.86 
14-Jan 3.17 6.39 7.87 9.55 
15-Jan 1.64 5.72 8.29 9.99 
16-Jan 0.98 5.13 8.30 10.30 
17-Jan 0.76 4.90 8.33 10.37 
18-Jan 0.57 4.48 8.43 10.43 
19-Jan 0.56 4.35 8.42 10.42 
20-Jan 0.62 4.51 8.41 10.39 
21-Jan 0.42 4.35 8.49 10.42 
22-Jan 0.02 4.17 8.53 10.42 
23-Jan -0.31 3.99 8.59 10.42 
24-Jan -0.58 3.97 8.58 10.39 
25-Jan -0.66 3.72 8.68 10.38 
26-Jan -0.65 3.72 8.70 10.34 
27-Jan -0.64 3.65 8.76 10.30 
28-Jan -0.23 3.64 8.90 10.30 
29-Jan -0.02 3.35 8.94 10.28 
30-Jan 0.46 3.08 6.33 8.98 
31-Jan 0.09 3.46 6.33 8.42 
Feb         
1-Feb -0.02 3.03 6.56 8.63 
2-Feb 0.01 2.85 6.65 8.66 
3-Feb -0.02 2.84 6.82 8.68 
4-Feb -0.04 2.94 7.02 8.74 
5-Feb -0.04 2.98 7.15 8.78 
6-Feb 0.01 3.05 7.34 8.82 
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7-Feb 0.04 3.02 7.48 8.89 
8-Feb 0.08 3.40 7.55 8.95 
9-Feb 0.08 3.13 7.55 8.99 
10-Feb 0.09 2.90 7.70 9.02 
11-Feb 0.17 3.37 7.25 8.77 
12-Feb 0.18 3.42 7.11 8.63 
13-Feb 0.19 3.20 7.13 8.59 
14-Feb 0.31 3.38 7.17 8.57 
15-Feb 0.50 3.76 7.33 8.59 
16-Feb 0.70 4.08 7.40 8.63 
17-Feb 0.52 3.54 7.37 8.68 
18-Feb 0.46 2.91 7.45 8.73 
19-Feb 0.92 4.27 7.54 8.72 
20-Feb 0.56 3.99 7.52 8.65 
21-Feb 0.34 3.20 7.54 8.68 
22-Feb 0.36 3.28 7.47 8.71 
23-Feb 0.36 3.31 7.46 8.70 
24-Feb 0.35 3.28 7.48 8.69 
25-Feb 0.35 3.19 7.51 8.66 
26-Feb 0.34 2.30 5.94 8.06 
27-Feb 0.28 2.06 4.63 6.65 
28-Feb 0.37 2.87 5.15 6.82 
Mar         
1-Mar 0.38 2.87 5.20 6.94 
2-Mar 0.40 2.83 5.26 6.97 
3-Mar 0.40 2.80 5.31 6.96 
4-Mar 0.37 2.29 5.35 6.94 
5-Mar 0.41 2.27 5.39 6.96 
6-Mar 0.46 2.97 5.53 6.99 
7-Mar 0.45 2.77 5.71 7.07 
8-Mar 0.43 2.51 5.69 7.12 
9-Mar 0.54 3.77 5.17 7.06 
10-Mar 2.29 4.63 4.88 6.69 
11-Mar 5.77 5.13 5.24 6.67 
12-Mar 4.29 5.52 5.58 6.73 
13-Mar 3.18 5.51 5.68 6.81 
14-Mar 2.30 5.29 5.63 6.88 
15-Mar 2.69 5.02 5.50 6.83 
16-Mar 4.12 4.89 5.43 6.76 
17-Mar 3.21 4.95 5.47 6.72 
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18-Mar 2.97 4.96 5.45 6.81 
19-Mar 2.40 4.78 5.41 6.84 
20-Mar 1.81 4.54 5.41 6.85 
21-Mar 1.26 4.10 5.32 6.80 
22-Mar 0.98 3.65 5.25 6.69 
23-Mar 1.36 3.38 5.15 6.55 
24-Mar 1.97 3.51 5.15 6.54 
25-Mar 1.89 3.95 5.26 6.54 
26-Mar 1.66 3.87 5.32 6.53 
27-Mar 1.46 3.61 5.33 6.55 
28-Mar 1.93 3.88 5.08 6.65 
29-Mar 3.50 4.86 5.18 6.58 
30-Mar 5.05 5.07 5.27 6.56 
31-Mar 6.52 5.38 5.51 6.57 
Apr         
1-Apr 6.49 5.72 5.74 6.60 
2-Apr 5.18 5.95 5.94 6.66 
3-Apr 4.83 5.92 6.11 6.73 
4-Apr 5.43 5.89 6.19 6.80 
5-Apr 6.80 5.99 6.23 6.86 
6-Apr 7.78 6.35 6.29 6.90 
7-Apr 10.06 6.92 6.45 6.94 
8-Apr 11.76 7.85 6.65 6.99 
9-Apr 13.34 8.87 6.91 7.07 
10-Apr 15.00 9.41 7.41 7.19 
11-Apr 12.44 8.66 8.25 7.56 
12-Apr 9.54 8.43 8.18 7.75 
13-Apr 7.40 8.05 7.98 7.82 
14-Apr 8.02 7.93 7.90 7.83 
15-Apr 10.29 8.04 7.92 7.85 
16-Apr 10.88 8.50 8.14 7.92 
17-Apr 10.05 8.73 8.40 8.09 
18-Apr 13.57 9.55 8.48 8.22 
19-Apr 10.30 10.69 9.60 8.73 
20-Apr 7.89 9.27 9.36 9.05 
21-Apr 7.48 8.94 8.96 8.84 
22-Apr 8.65 8.83 8.84 8.75 
23-Apr 10.43 8.92 8.80 8.71 
24-Apr 9.54 9.09 8.91 8.76 
25-Apr 8.26 8.84 8.76 8.71 
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26-Apr 8.65 8.82 8.75 8.69 
27-Apr 10.03 8.89 8.77 8.69 
28-Apr 11.31 9.13 8.88 8.72 
29-Apr 12.50 9.34 9.02 8.79 
30-Apr 13.93 9.64 9.18 8.84 
May         
1-May 15.74 10.11 9.42 8.90 
2-May 16.81 10.76 9.75 9.00 
3-May 16.56 11.41 10.12 9.12 
4-May 16.13 12.05 10.55 9.26 
5-May 15.61 12.48 10.81 9.39 
6-May 15.29 12.87 11.07 9.54 
7-May 16.23 13.21 11.32 9.72 
8-May 17.64 13.70 11.43 9.82 
9-May 18.14 14.33 11.64 9.95 
10-May 17.34 14.82 11.91 10.06 
11-May 15.22 14.99 12.21 10.19 
12-May 13.57 14.72 12.53 10.37 
13-May 13.44 14.31 12.66 10.54 
14-May 15.66 14.21 12.66 10.70 
15-May 19.15 14.96 12.59 10.78 
16-May 21.38 16.24 12.66 10.84 
17-May 22.51 17.40 12.80 10.90 
18-May 22.55 18.30 13.04 10.98 
19-May 23.36 18.87 13.28 11.09 
20-May 25.01 19.70 13.54 11.22 
21-May 24.96 20.62 13.79 11.38 
22-May 24.68 21.11 14.08 11.54 
23-May 22.78 21.46 14.41 11.71 
24-May 19.72 21.22 14.77 11.91 
25-May 19.51 20.45 15.04 12.09 
26-May 18.46 19.80 15.14 12.28 
27-May 18.28 19.13 15.15 12.42 
28-May 19.32 18.59 15.00 12.51 
29-May 21.06 18.70 14.83 12.58 
30-May 22.59 19.40 14.71 12.61 
31-May 22.99 20.17 14.70 12.63 
Jun         
1-Jun 22.01 17.28 14.93 12.81 
2-Jun 19.86 16.48 15.08 12.88 
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3-Jun 18.16 16.97 15.05 12.90 
4-Jun 18.54 17.08 15.10 12.95 
5-Jun 19.93 17.37 15.17 13.03 
6-Jun 21.60 17.92 15.29 13.10 
7-Jun 22.37 18.67 15.45 13.18 
8-Jun 21.97 19.22 15.64 13.29 
9-Jun 23.08 19.61 15.73 13.37 
10-Jun 23.40 20.15 15.86 13.45 
11-Jun 23.81 20.56 16.05 13.56 
12-Jun 25.34 21.11 16.22 13.68 
13-Jun 25.50 22.11 16.47 13.78 
14-Jun 24.04 21.96 16.66 13.89 
15-Jun 24.68 21.94 16.88 14.01 
16-Jun 24.85 22.26 17.05 14.14 
17-Jun 25.74 22.48 17.18 14.26 
18-Jun 26.81 23.03 17.30 14.38 
19-Jun 27.20 23.65 17.46 14.51 
20-Jun 27.81 24.21 17.62 14.61 
21-Jun 28.59 24.89 17.82 14.73 
22-Jun 28.21 25.52 18.07 14.87 
23-Jun 27.62 25.70 18.31 15.00 
24-Jun 28.49 25.94 18.55 15.16 
25-Jun 28.80 26.48 18.73 15.31 
26-Jun 28.10 26.76 18.96 15.45 
27-Jun 28.06 26.71 19.14 15.60 
28-Jun 28.76 27.09 19.33 15.75 
29-Jun 27.17 27.30 19.53 15.90 
30-Jun 25.34 26.69 19.69 16.04 
Jul         
1-Jul 24.77 26.16 19.79 16.18 
2-Jul 24.03 25.78 19.84 16.31 
3-Jul 24.23 25.49 19.86 16.41 
4-Jul 24.58 25.44 19.86 16.50 
5-Jul 25.83 25.57 19.86 16.59 
6-Jul 26.50 26.10 19.91 16.67 
7-Jul 25.65 25.89 19.89 16.73 
8-Jul 26.38 25.85 19.87 16.81 
9-Jul 27.43 26.27 19.93 16.84 
10-Jul 27.84 26.86 20.05 16.90 
11-Jul 26.40 27.38 20.36 16.98 
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12-Jul 26.12 27.08 20.56 17.09 
13-Jul 27.09 26.80 20.55 17.19 
14-Jul 28.59 26.99 20.50 17.27 
15-Jul 30.45 27.62 20.49 17.33 
16-Jul 31.55 28.48 20.55 17.37 
17-Jul 32.67 29.41 20.72 17.43 
18-Jul 33.62 30.32 20.98 17.52 
19-Jul 34.24 31.21 21.29 17.64 
20-Jul 33.18 31.90 21.71 17.78 
21-Jul 31.03 31.59 22.07 17.97 
22-Jul 29.55 30.77 22.80 18.18 
23-Jul 29.34 29.82 22.55 18.37 
24-Jul 27.45 30.47 22.86 18.52 
25-Jul 27.33 29.66 22.91 18.68 
26-Jul 27.81 28.93 22.66 18.79 
27-Jul 27.89 28.65 22.42 18.84 
28-Jul 26.71 28.81 22.40 18.87 
29-Jul 26.31 28.49 22.43 18.91 
30-Jul 26.30 28.26 22.36 18.94 
31-Jul 25.39 27.86 22.28 18.98 
Aug         
1-Aug 25.43 27.42 22.22 19.00 
2-Aug 25.37 27.46 22.27 19.02 
3-Aug 25.86 27.62 22.47 19.06 
4-Aug 25.51 27.81 22.51 19.12 
5-Aug 25.75 27.47 22.30 19.16 
6-Aug 25.99 27.27 22.11 19.16 
7-Aug 26.86 27.28 21.99 19.13 
8-Aug 26.87 27.62 22.11 19.12 
9-Aug 26.30 27.33 22.06 19.13 
10-Aug 26.97 26.95 21.90 19.13 
11-Aug 26.62 27.19 21.76 19.11 
12-Aug 26.88 27.25 21.71 19.10 
13-Aug 26.81 27.79 21.94 19.08 
14-Aug 25.10 28.24 22.40 19.13 
15-Aug 24.48 27.79 22.46 19.22 
16-Aug 25.14 27.46 22.43 19.28 
17-Aug 25.55 27.52 22.42 19.31 
18-Aug 26.34 27.74 22.47 19.35 
19-Aug 27.33 28.07 22.48 19.38 
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20-Aug 28.09 28.56 22.58 19.42 
21-Aug 29.06 29.12 22.74 19.48 
22-Aug 28.98 29.79 22.99 19.54 
23-Aug 27.56 29.97 23.32 19.64 
24-Aug 27.29 29.77 23.55 19.76 
25-Aug 27.88 29.77 23.68 19.87 
26-Aug 28.82 30.05 23.81 19.99 
27-Aug 30.07 30.58 23.97 20.08 
28-Aug 30.93 31.34 24.29 20.19 
29-Aug 31.48 32.20 24.71 20.34 
30-Aug 31.91 32.73 24.95 20.51 
31-Aug 31.23 33.07 25.27 20.66 
Sep         
1-Sep 29.43 32.75 25.48 20.83 
2-Sep 28.39 32.06 25.58 20.96 
3-Sep 27.13 31.77 25.81 21.10 
4-Sep 26.50 31.17 25.74 21.22 
5-Sep 27.14 30.89 25.70 21.31 
6-Sep 27.49 30.98 25.68 21.37 
7-Sep 28.34 31.15 25.71 21.43 
8-Sep 29.32 31.62 25.81 21.50 
9-Sep 29.90 32.12 25.97 21.57 
10-Sep 31.37 32.76 26.26 21.67 
11-Sep 32.16 33.57 26.57 21.78 
12-Sep 31.30 34.21 27.00 21.92 
13-Sep 27.92 34.13 27.72 22.10 
14-Sep 25.52 33.26 27.91 22.33 
15-Sep 25.02 32.30 27.91 22.50 
16-Sep 24.62 31.87 28.09 22.64 
17-Sep 23.11 31.29 27.91 22.76 
18-Sep 24.50 30.80 27.68 22.82 
19-Sep 25.23 28.94 27.26 22.94 
20-Sep 26.06 29.70 26.62 22.92 
21-Sep 24.03 29.70 26.47 22.83 
22-Sep 21.78 29.02 26.37 22.79 
23-Sep 20.69 28.04 26.08 22.73 
24-Sep 20.37 27.23 25.77 22.65 
25-Sep 21.13 26.90 25.61 22.55 
26-Sep 21.30 26.89 25.47 22.46 
27-Sep 21.56 26.85 25.32 22.39 
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28-Sep 22.03 26.90 25.28 22.31 
29-Sep 22.78 27.25 25.44 22.27 
30-Sep 22.01 27.27 25.29 22.25 
Oct         
1-Oct 22.23 27.07 25.26 22.22 
2-Oct 22.85 27.08 25.23 22.20 
3-Oct 23.70 27.32 25.24 22.17 
4-Oct 24.36 27.84 25.57 22.20 
5-Oct 25.10 28.39 25.70 22.23 
6-Oct 23.57 28.64 25.87 22.28 
7-Oct 20.13 27.77 25.89 22.33 
8-Oct 18.82 26.43 25.71 22.37 
9-Oct 18.14 25.52 25.38 22.34 
10-Oct 18.07 24.86 25.17 22.29 
11-Oct 18.47 24.53 24.95 22.22 
12-Oct 18.88 24.39 24.81 22.15 
13-Oct 19.13 24.66 24.91 22.11 
14-Oct 17.51 24.46 24.87 22.11 
15-Oct 17.42 23.90 24.77 22.07 
16-Oct 17.72 23.82 24.78 22.04 
17-Oct 16.15 23.54 24.74 22.04 
18-Oct 14.91 22.85 24.69 22.03 
19-Oct 14.39 22.33 24.65 22.03 
20-Oct 13.67 21.80 24.56 22.03 
21-Oct 13.94 21.61 24.55 22.03 
22-Oct 11.79 21.12 24.46 22.02 
23-Oct 10.44 20.22 24.35 22.00 
24-Oct 9.94 19.40 24.09 21.98 
25-Oct 8.81 18.55 23.82 21.91 
26-Oct 8.91 17.96 23.56 21.83 
27-Oct 8.66 17.51 23.35 21.77 
28-Oct 8.57 17.08 23.10 21.68 
29-Oct 9.05 16.87 22.85 21.59 
30-Oct 11.22 16.99 22.60 21.48 
31-Oct 14.38 17.29 22.43 21.38 
Nov         
1-Nov 14.13 18.37 22.32 21.29 
2-Nov 12.69 18.87 22.41 21.21 
3-Nov 11.17 18.34 22.39 21.15 
4-Nov 10.62 17.71 22.21 21.06 
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5-Nov 11.14 17.40 22.14 20.99 
6-Nov 12.10 17.36 22.06 20.92 
7-Nov 10.70 17.62 22.03 20.87 
8-Nov 9.04 16.98 21.97 20.83 
9-Nov 9.06 15.90 21.83 20.77 
10-Nov 9.08 16.07 21.68 20.72 
11-Nov 8.41 15.62 21.52 20.66 
12-Nov 7.01 15.17 21.30 20.59 
13-Nov 5.11 14.25 21.06 20.50 
14-Nov 4.43 12.70 20.81 20.42 
15-Nov 5.33 12.39 20.49 20.32 
16-Nov 7.09 12.75 20.24 20.22 
17-Nov 10.78 13.31 19.98 20.11 
18-Nov 10.32 14.59 19.86 19.99 
19-Nov 7.82 14.69 19.91 19.89 
20-Nov 6.35 13.95 19.95 19.81 
21-Nov 7.18 13.31 19.89 19.73 
22-Nov 8.26 13.00 19.69 19.66 
23-Nov 6.06 12.90 19.30 19.56 
24-Nov 3.52 11.75 18.70 19.42 
25-Nov 2.39 10.54 18.42 19.29 
26-Nov 2.04 10.13 18.28 19.19 
27-Nov 1.75 9.31 17.92 19.09 
28-Nov 1.43 8.80 17.45 18.95 
29-Nov 1.22 8.81 17.20 18.81 
30-Nov 1.18 8.50 16.97 18.68 
Dec         
1-Dec 1.24 8.45 16.85 18.54 
2-Dec 1.48 8.37 16.71 18.41 
3-Dec 2.63 8.39 16.53 18.28 
4-Dec 5.07 8.85 16.37 18.14 
5-Dec 6.75 9.74 16.27 18.00 
6-Dec 4.32 10.02 16.27 17.87 
7-Dec 2.60 9.26 16.04 17.74 
8-Dec 1.68 8.38 15.82 17.61 
9-Dec 1.36 7.89 15.68 17.51 
10-Dec 0.95 7.46 15.60 17.43 
11-Dec 0.62 7.32 15.48 17.33 
12-Dec 0.22 6.80 15.19 17.22 
13-Dec 0.03 6.59 14.90 17.10 
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14-Dec 0.10 6.43 14.81 16.99 
15-Dec 0.12 5.85 14.32 16.86 
16-Dec 0.11 5.95 14.12 16.71 
17-Dec 0.14 5.76 13.98 16.59 
18-Dec 0.16 5.73 13.82 16.46 
19-Dec 0.18 5.41 13.61 16.33 
20-Dec 0.21 4.46 13.30 16.17 
21-Dec 0.25 3.95 12.74 15.93 
22-Dec 0.49 3.22 12.46 14.90 
23-Dec 0.81 4.28 12.84 14.68 
24-Dec 0.63 4.74 12.64 14.52 
25-Dec 0.48 4.95 12.40 14.39 
26-Dec 0.41 5.00 12.30 14.27 
27-Dec 0.43 5.05 12.26 14.19 
28-Dec 0.48 5.11 12.21 14.10 
29-Dec 0.53 5.23 12.17 14.03 
30-Dec 0.51 5.25 12.12 13.94 
31-Dec 0.45 5.16 12.01 13.87 
2014         
Jan         
1-Jan 0.35 5.10 11.89 13.79 
2-Jan 0.28 5.15 11.80 13.72 
3-Jan 0.13 4.73 11.54 13.62 
4-Jan 0.09 4.71 11.48 13.53 
5-Jan 0.14 4.78 11.46 13.46 
6-Jan -0.07 4.62 11.33 13.39 
7-Jan -0.57 4.40 11.16 13.31 
8-Jan -0.68 4.37 11.14 13.24 
9-Jan -0.56 4.30 11.11 13.17 
10-Jan -0.30 4.21 11.09 13.10 
11-Jan -0.06 3.40 10.98 12.87 
12-Jan -0.01 3.96 11.20 12.66 
13-Jan 0.02 4.13 11.20 12.56 
14-Jan 0.04 4.22 11.22 12.49 
15-Jan 0.05 4.27 11.13 12.41 
16-Jan 0.06 4.29 11.04 12.34 
17-Jan 0.07 4.31 10.95 12.26 
18-Jan 0.01 4.29 10.83 12.19 
19-Jan -0.01 4.25 10.68 12.12 
20-Jan 0.04 4.22 10.56 12.06 
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21-Jan 0.02 4.18 10.42 11.98 
22-Jan -0.30 3.97 10.27 11.90 
23-Jan -1.05 3.83 10.19 11.84 
24-Jan -1.72 3.75 10.13 11.79 
25-Jan -1.31 3.66 10.10 11.73 
26-Jan -1.43 3.53 10.00 11.68 
27-Jan -2.26 3.45 9.91 11.63 
28-Jan -4.29 3.23 9.83 11.58 
29-Jan -4.55 2.86 9.77 11.52 
30-Jan -3.88 2.50 9.68 11.45 
31-Jan -2.54 2.28 9.51 11.39 
Feb         
1-Feb -1.26 2.77 7.85 10.66 
2-Feb -0.22 1.78 3.02 8.17 
3-Feb -0.79 1.40 3.48 8.12 
4-Feb -1.40 1.22 3.72 8.01 
5-Feb -1.17 1.29 3.95 7.90 
6-Feb -1.05 1.36 4.16 7.75 
7-Feb -1.56 1.43 4.64 7.65 
8-Feb -1.54 1.44 5.08 7.60 
9-Feb -1.10 1.46 5.28 7.62 
10-Feb -1.36 1.47 5.46 7.65 
11-Feb -1.76 1.46 5.58 7.66 
12-Feb -1.95 1.43 5.72 7.69 
13-Feb -1.85 1.40 5.80 7.71 
14-Feb -1.55 1.33 5.89 7.74 
15-Feb -1.41 1.30 6.01 7.73 
16-Feb -1.18 1.29 6.09 7.74 
17-Feb -1.13 1.27 6.16 7.78 
18-Feb -0.82 1.34 6.23 7.80 
19-Feb -0.42 3.25 5.71 7.66 
20-Feb -0.15 1.99 3.10 6.66 
21-Feb -0.08 1.41 2.40 6.10 
22-Feb -0.07 1.14 2.74 6.17 
23-Feb -0.05 0.98 2.97 6.19 
24-Feb -0.04 0.98 3.08 6.17 
25-Feb -0.03 1.03 3.20 6.10 
26-Feb -0.40 1.11 3.37 6.10 
27-Feb -1.27 1.17 3.56 6.08 
28-Feb -1.89 1.20 3.72 6.05 
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Mar         
1-Mar -0.88 1.21 3.83 6.02 
2-Mar -0.74 1.22 3.97 6.04 
3-Mar -1.24 1.17 4.15 6.06 
4-Mar -1.45 1.18 4.29 6.09 
5-Mar -1.26 1.13 4.45 6.12 
6-Mar -1.36 1.12 4.58 6.14 
7-Mar -0.85 1.13 4.68 6.19 
8-Mar -0.41 1.16 4.80 6.24 
9-Mar -0.30 1.18 4.90 6.28 
10-Mar -0.20 1.17 4.99 6.32 
11-Mar -0.12 1.20 5.07 6.34 
12-Mar -0.08 1.21 4.36 6.39 
13-Mar -0.05 1.14 4.27 6.35 
14-Mar -0.03 1.22 4.45 6.32 
15-Mar 0.00 1.41 4.40 6.30 
16-Mar 0.00 1.36 4.54 6.21 
17-Mar 0.02 1.43 4.40 6.18 
18-Mar 0.02 1.46 4.58 6.15 
19-Mar 0.03 1.48 4.69 6.12 
20-Mar 0.04 1.50 4.70 6.10 
21-Mar 0.13 1.50 4.70 6.09 
22-Mar 0.65 1.54 4.56 6.09 
23-Mar 0.36 1.55 4.64 6.09 
24-Mar 0.13 1.57 4.79 6.04 
25-Mar 0.11 1.62 4.83 6.05 
26-Mar 0.08 1.62 4.85 6.03 
27-Mar 0.18 1.66 4.82 6.04 
28-Mar 1.65 1.66 4.89 6.03 
29-Mar 1.53 1.71 4.94 6.03 
30-Mar 1.86 2.05 4.99 6.05 
31-Mar 4.22 3.00 5.00 6.06 
Apr         
1-Apr 6.63 4.40 5.06 6.09 
2-Apr 7.21 5.56 5.23 6.12 
3-Apr 7.83 5.91 5.53 6.14 
4-Apr 7.46 5.61 5.56 6.11 
5-Apr 6.23 5.78 5.70 6.14 
6-Apr 6.57 5.89 5.81 6.22 
7-Apr 6.77 6.03 5.93 6.27 
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8-Apr 6.77 6.05 6.00 6.30 
9-Apr 7.32 6.14 6.07 6.36 
10-Apr 8.44 6.33 6.19 6.44 
11-Apr 9.85 6.70 6.36 6.51 
12-Apr 10.62 7.22 6.59 6.59 
13-Apr 12.36 7.83 6.89 6.69 
14-Apr 12.49 8.81 7.24 6.80 
15-Apr 8.63 9.34 7.60 6.93 
16-Apr 6.87 8.84 7.87 7.06 
17-Apr 7.69 8.37 7.98 7.20 
18-Apr 9.90 8.44 7.97 7.30 
19-Apr 10.62 9.08 7.97 7.38 
20-Apr 11.63 9.58 8.00 7.44 
21-Apr 13.00 10.30 8.14 7.50 
22-Apr 13.35 11.03 8.34 7.58 
23-Apr 12.21 11.36 8.57 7.67 
24-Apr 12.63 11.46 8.78 7.77 
25-Apr 13.23 11.74 8.97 7.87 
26-Apr 13.96 12.18 9.17 8.00 
27-Apr 13.99 12.68 9.36 8.11 
28-Apr 14.01 12.95 9.59 8.23 
29-Apr 14.80 13.16 9.80 8.34 
30-Apr 14.28 13.48 9.98 8.46 
May         
1-May 12.53 13.32 10.17 8.58 
2-May 11.44 12.71 10.32 8.70 
3-May 11.63 12.26 10.41 8.80 
4-May 12.79 12.34 10.44 8.89 
5-May 13.11 12.77 10.47 8.97 
6-May 14.19 13.20 10.53 9.04 
7-May 16.44 13.89 10.63 9.12 
8-May 19.09 15.11 10.77 9.19 
9-May 20.20 16.64 11.00 9.26 
10-May 19.11 17.45 11.34 9.37 
11-May 19.46 17.60 11.66 9.49 
12-May 20.18 14.64 12.24 9.88 
13-May 19.94 13.40 12.21 10.06 
14-May 16.89 13.10 12.28 10.21 
15-May 13.39 11.73 11.49 10.36 
16-May 11.85 11.48 11.35 10.34 
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17-May 11.52 11.27 11.20 10.45 
18-May 11.68 11.13 11.04 10.35 
19-May 12.51 11.12 11.01 10.29 
20-May 14.19 11.22 11.01 10.22 
21-May 16.53 11.54 11.03 10.17 
22-May 17.36 12.38 11.10 10.17 
23-May 16.90 13.08 11.27 10.18 
24-May 16.81 13.44 11.47 10.21 
25-May 17.50 13.75 11.69 10.28 
26-May 18.67 14.19 11.91 10.37 
27-May 20.12 14.97 12.18 10.47 
28-May 20.81 16.15 12.51 10.61 
29-May 21.18 17.00 12.80 10.75 
30-May 21.80 17.65 13.08 10.88 
31-May 21.65 18.25 13.34 11.03 
  
 
 
 
 
 
 
